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Abstract 
 
The electrochemical fabrication of porous bimetallic structures was investigated via a hydrogen 
bubble templating method. The templating method involves the evolution of hydrogen from the 
substrate surface, while simultaneously depositing the metal structure. As the hydrogen gas escapes 
the metal deposit, it leaves behind porous pathways that are maintained post fabrication.  
Initially, porous Cu deposition was investigated on a variety of substrates (Cu, Au, Pd and glassy 
carbon (GC)). Cu was capable of displaying the highest porosity and multi-layered stacking due to its 
relatively medium hydrogen exchange potential (compared to Au and Pd). The deposition of Cu onto 
GC formed unreliable samples as the adherence of the Cu deposit to the GC surface was poor, 
usually resulting in dislodged samples. Active sites were most prominent on Pd and Au substrates, 
however, Cu was selected as the optimal substrate for the deposition of bimetallic structures owing 
to the well-defined morphology, strong sample adherence, availability and cost.  
The metal combinations investigated were Cu/Pd, Cu/Au and Cu/Ag, with varying metal 
concentrations. Two systems were formed for each metal combination; system 1 having a constant 
Cu concentration with varying secondary metal (Pd, Au or Ag) and system 2 maintaining a constant 
Pd, Au or Ag concentration with varying Cu concentration. The ideal deposition time was determined 
to be 15 s, as this formed rigid, well defined and porous structures.  
The electrodeposited samples were characterised by SEM, XRD, XPS and AAS and applied to various 
(electro)-catalytic and sensing applications: 
- reduction of ferricyanide (FCN) by sodium thiosulphate (STS) 
- reduction of 4-nitrophenol (NP) by sodium borohydride (SBH) 
- hydrogen evolution reaction (HER) 
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- determination of rhodamine B by SERS 
The reduction of both FCN and NP is reliant on an electron transfer from STS to FCN or SBH to NP. 
These reactions are extremely slow and require the addition of a catalyst which acts as an electron 
proxy for this transfer. In both reactions, the morphology of the samples played a large role towards 
the activity of the samples, with an increase in dendritic structures exceeding the activity of globular-
like morphology. Alongside the morphology, the samples composition present played an influential 
role which was attributed to the electronegativity’s of the metals. Cu/Ag resulted in the formation of 
highly dendritic structures and showed the highest activity towards the reduction of both NP and 
FCN. 
The HER was dominated by the Cu/Pd systems, as would be expected due to the high activity of Pd 
towards this reaction. Additions of Au had a slight initial positive influence towards the HER due to 
the high electronegativity of Au which is known to promote the HER. However, once a certain 
concentration of Au is exceeded, the promotional effects are reduced 
Sensing of rhodamine B was performed by SERS which is reliant on the electromagnetic and 
chemical enhancement effects. Palladium samples displayed the lowest SERS activity followed by 
bimetallic samples containing gold. Copper and silver bimetallic structures displayed the highest 
SERS activity due to the surface plasmon resonance of silver in particular, coupled with the dendritic 
morphology that resulted in hot spots on the surface. 
In conclusion, the successful combination of certain coinage metals via a simple, quick and clean 
electrochemical templating method has been shown. The combination of Cu and Ag was seen to be 
the most promising material towards the reduction of NP and FCN and also as a SERS sensing 
material. 
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1.1. Nanotechnology 
The ability to control the shape, size and composition of materials at an atomic and molecular level 
has been an increasing field of research over the past few decades. Fine tuning these parameters of 
materials below the 100 nm range for specific applications is known as nanotechnology. Metallic 
materials in particular have been widely studied due to their potential applications and are the main 
focus of this thesis. The advancements in shape, size and composition control has seen massive 
strides in various fields of expertise such as (electro)-catalysis [1-4], optics [5-7], electronics [8-11] 
cosmetics [12-14], sensing [15-17], etc. 
Shape control is seen as one of the major parameters of interest, as various shapes display varying 
properties of a material; for example, varying shapes of Au and Ag nanocrystals exhibit unique 
optical scattering responses, whereas spherical particles exhibit a single absorbance peak[18]. These 
differences are due to the localized charge polarization at edges and corners of the nanocrystals. 
This can also be applied in the field of catalysis, with cuboctahedral and cubic Pt displaying different 
selectivity towards benzene hydrogenation. The cuboctahedral Pt was capable of producing 
cyclohexane and cyclohexene whereas only cyclohexene was formed on cubic Pt[19]. 
The size of these materials also has a major influence on certain properties exhibited by these 
materials. In regards to redox potentials, the size of the particles plays a large role; Agmetal has a 
redox potential of +0.79 V vs NHE which is worlds apart from a Agatom with a redox potential of -1.80 
V vs NHE [20, 21]. It has also been shown that nanosized Au particles are active heterogeneous 
catalysts unlike bulk gold which is a noble inactive metal [22-24]. Size not only plays a large role in 
redox potentials and catalysis, it also impacts magnetism[25], optics[26], sensing ability[27], etc. In 
most cases, a reduction in particle size is seen as a beneficial property due to the increase in surface 
area[28] and enhancement of various other properties as mentioned above. 
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Together with the above factors, the composition of a material is a key feature to the properties that 
would be exhibited by that material. The addition of promoters (metals that promote certain aspects 
of a composition) or combination of certain metals can influence the selectivity of certain reactions 
and increase reactivity[29] while also reducing costs and poisoning effects on the catalyst[30]. 
Discussed below is the effect on electronic, chemical and physical properties of combining certain 
metals together to form multi-metallic structures. 
1.2. Bimetallic structures 
Research into bimetallic structures has increased in momentum over the past few decades due to 
their unique properties when compared to single and alloyed materials. Electrical, thermal, catalytic, 
optical, etc. properties are all affected by bond strengths and structural arrangements.[31-33] 
Surface properties largely differ when compared to the bulk of bimetallic structures mainly due to 
the coordination of atoms and structural composition. 
Various methods are employed to fabricate such structures including electroless deposition[34], 
electrodeposition[35] and chemical vapour deposition[36]. Both metallic and non-metallic[37] 
structures have been investigated with copper being one of the most discussed metals as it is 
economically viable, abundant, has excellent thermal and conductive properties and a variety of 
oxidation states are available[38-41].  
1.2.1. Physical properties 
The inclusion of a secondary metal in a lattice has an effect on the metal to metal bonding; with a 
change in the bond lengths, additional strain is placed on the structure which has a large effect on 
the electronic structure with orbitals either being further spaced apart or overlapping. It has been 
noted that the electronegative nature of atoms in bimetallic systems dramatically changes when 
compared to bulk metal structures and alloys[31]. It has been shown that metallic bonds create 
20 
 
electron-donor electron-acceptor pairs, with the higher electronegative metal accepting electrons 
from the lower electronegative metal to form a bimetallic structure[31]. Differences in valance 
bands of metals influence the strength of the metallic bond, with larger energy gaps between the 
two metals forming stronger bonds as opposed to similarly filled valence bands indicating that 
charge transfer plays a large role in such interactions.[31] 
Bimetallic structures are generally formed on substrates via various methods which can include: 
electrodeposition[42, 43], vapour deposition[31, 44], sputtering[45], etc. Adhesion of the bimetallic 
structure onto the substrate is dependent on the crystalline plane of the substrate. It has been 
previously shown that Pd and Ni desorbed easier off lower atomic density W (100) than W (110). 
Once the structure adheres to the substrate, charge transfer occurs from the substrate to the 
structure to ensure a common Fermi level.[31] Bimetallic systems have a tendency to grow 
pseudomorphically relative to the immediate crystalline structure surrounding them. Typically, the 
first monolayer of bimetallic growth “mimics” the crystal plane of the sub layer and subsequent 
layers revert to the admetals bulk lattice[46]. In the case of simultaneous bimetallic 
electrodeposition, the higher concentration (or primary) metal would have a dominant crystal 
lattice; due to larger physical deposition rates, which will influence the crystal lattice of initially 
bound admetal (low concentration/secondary metal). As multilayered levels of the secondary metal 
are deposited, the crystalline structure will then differ from the primary metal. With low 
concentrations of secondary metal, the crystalline structure of such deposits might be completely 
subjugated by the primary metal, assuming small cluster size depositions within the primary metal 
are homogenously dispersed so that phase boundaries between the two metals are ambiguous.  
1.2.2. Electronic properties 
Similar observations are seen with the valence bands at the point of interaction between two metals 
within bimetallic systems. Charge transfers occurs between the two metals which cause a decreased 
in Fermi levels due to an increase in binding energy at the first monolayer; as layering increases 
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(clusters expand) the binding energy decreases and displays valence bands which are observed in 
the bulk of the metal[47]. The charge transfer creates holes in certain electron bands of a metal and 
hybridizes orbitals, so that inner electrons are transferred to outer orbitals[48].  Hybridization occurs 
when an electron rich metal interacts with the electron poor metal, distributing and hybridizing the 
orbital electron density, this has also been seen with lower electronegative metals accepting 
electrons from higher electronegativity (Cu accepting a charge from Pd with respective 
electronegativity’s of 1.9 and 2.2)[48]; largest perturbations are seen between an almost completely 
occupied valance band metal and a less than half occupied band metal such as the deposition of Pd 
on a Nb substrate[46]. It has been shown that bimetallic structures which contain monolayered gold 
deposited on a Pt substrate, create a d-band gap which increases certain catalytic activities[49] due 
to the electronic reconfiguration between the two metals, and copper was also capable of 
hybridizing the d-band of other metals, such as Pt[50]. XPS studies have also shown that the 
increased binding energies at the metal-metal interface, decrease the binding energies of the bulk 
metal surface due to a withdrawal of electrons from the bulk structure (see Figure 1).[46, 47] 
 
Figure 1 Binding energy of surfaces 
1.2.2.1. Work function and electronegativity 
The work function (Φ) and electronegativity (χ) of metals has to be taken into consideration for the 
formation of bimetallic structures as it can assist in determining the preferential charge transfer 
within the system. The work function is described as the minimum energy required to extract a 
single electron from the Fermi level of a metal to a vacuum[51]. This energy will vary depending on 
the morphology and composition of a metal. The electronegativity is the ability for an atom to 
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attract electrons towards itself. This varies depending on the atomic size and distance of electrons 
from the nucleus[52].  A table of work functions and electronegativity’s can be seen in Table 1. 
Metal Work function (eV) Electronegativity 
Ag  4.46 1.9 
Au  5.3 2.4 
Cu  4.94 1.9 
Pd  5.1 2.2 
Table 1. Work functions (of the (111) crystalline plane) and electronegativies (Pauling's scale) of relevant metals [52-
55] 
Metals with high electronegativity values have a tendency to skew the electronic densities of lower 
electronegative species that surround them and hybridize electron shells as mentioned earlier. 
Controlling the structure of such systems is also an important aspect that has to be considered for 
certain applications. An increase in surface area is a desirable property and is looked upon favorably 
when producing such structures. Pores within metallic surfaces produce a large increase in surface 
area; micro- and nano-porous materials have been of high interest in research in recent years. The 
increase of surface area facilitates quick gas and liquid transportation and specific structural 
orientations make these materials very attractive for use as electrodes, catalysts[56], within 
batteries and fuel cells[57] and various sensors[58].  
1.2.3. Fabrication of bimetallic structures 
The fabrication of bimetallic structures has been undertaken via a variety of methods. One of the 
more common methods for such structures is the galvanic replacement reaction [59-62]. This 
reaction relies on the assembly of a monometallic structure that acts as a template for the second 
metal to then replace. An example of this is Ag-Au bimetallic nanorods[63]; the process involves 
boiling a AgNO3 salt solution followed by refluxing the solution and then the addition of stabilizers 
which is then boiled and centrifuged to form silver nanowires. Once the nanowires are separated, 
they are added to a gold salt solution which is boiled and refluxed followed by a final centrifuge step 
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to produce the Ag-Au nanowires. This multi-step process is similar in many bimetallic fabrication 
processes, whether it is polystyrene as a template for the final bimetallic structure; where 
polystyrene spheres were coated with Ag seeds and bound with Cu to form Ag/Cu spheres (following 
the dissolution of the polystyrene)[64] or a TiO2-gel film[65], the procedure is complex and multi-
stepped. Other methods include deposition via an electron beam evaporator followed by 
lithographic methods for structural formation[66], sputter coating on a template[67], ball milling 
followed by sintering and reduction in a H2 atmosphere[68], etc.;  have also been reported, however 
these once again contain complex multi-step processes. Electrodeposition is capable of providing a 
single-step and simple process in the production of bimetallic structures, together with shape, size 
and compositional control. 
1.2.4. Electrochemical deposition 
Electrochemical deposition (electrodeposition for short) is a technique that was first established in 
the 1800’s by Alessandro Volta[69] and has since become a useful technique for not only the 
investigation of new materials[70] but also surface plating[71] and electronic material 
fabrication[72, 73]. The ability to control film thickness, structure and size of deposited materials 
makes electrodeposition a very powerful technique. This is then enhanced when coupled with in situ 
characterization techniques such as X-ray diffraction (XRD) and scanning tunnelling microscopy 
(STM), which are capable of imaging the working electrode surface within the electrochemical 
cell[69].  The benefits of an electrochemical process is the capability of conformal and directional 
coatings of materials with sharp shape control and resolution, the capability of depositing magnetic 
materials, simple scalability and efficient use of materials[74, 75]. In addition to this, 
electrodeposition can be performed on relatively inexpensive and simple equipment for similar tasks 
that would require more complex procedures. For example, the deposition of thin film metals can 
either be conducted using physical vapor deposition (PVD) or electrodeposition; electrodeposition is 
simpler and cheaper and in most cases has higher deposition rates and can be operated under 
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standard pressures and temperatures[76]. Electrodeposition of materials can also be templated for 
further structural and shape control. 
Various templating methods have been used to form porous structures; for example, the use of 
polystyrene as a template for the deposition of zinc oxide[77] or implementing anodic aluminium 
oxide as a guide for metal alloy deposition (Figure 2)[78]. However, these methods require complex 
substrate preparation with high annealing temperatures and inert atmospheres, together with 
involved deposition parameters and template removal steps. The possibility of undertaking simpler 
methods for the fabrication of porous metal structures has been investigated.  
 
Figure 2 Schematic of anodic aluminium oxide (AAO) structure used as a template for metal deposition (image 
copyright of Materials Chemistry and Physics 2005[78]) 
1.3. Structural Porous Templating 
Electrodeposition has been used extensively to deposit and form nanometallic structures. These 
structures display extreme changes in redox potentials[79]; Agmetal cam be oxidized at +0.79 V vs NHE 
which is in stark comparison to Agatom which can be oxidized at -1.80 V vs NHE [20, 21]. Therefore, 
nanoparticles and clusters display oxidation potential within this range. The initial deposition of 
nano-Ag on the substrate surface forms nanosized deposits which act as nucleation points for 
further Ag growth. This characteristic of metal nanoparticles can create complications in bimetallic 
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structures as it has the potential of forming single metallic clusters within a bimetallic structure. To 
form homogeneity in bimetallic deposition, a templating method can be implemented. 
Bubble template electrodeposition (Figure 3) is a recently reported method for porous structure 
formation. This method is used as it is very straightforward, efficient, environmentally friendly and in 
most cases quick. The use of high overpotentials where hydrogen evolution is favourable and metal 
deposition is possible is employed in such templating methods[39, 80], the hydrogen evolution leads 
to a stirring of the solution and therefore slightly effects the current density and resistance 
surrounding the substrate surface[39]. Electrodeposition protocols that have been used include 
chronoamperometry (CA), chronopotentiometry (CP) and cyclic voltammetry (CV). Templating of 
various metals has been reported which will be discussed below. 
 
Figure 3 Hydrogen bubble templating method (image copyright of Chemistry of Materials 2007[81]) 
1.3.1. Copper Templating 
The original dynamic hydrogen bubble templating method was developed using copper. Copper 
electrodeposition with hydrogen bubble templating creates nano- and micro-porous structures. A 
galvanostatic approach is seen as the most stable method to produce such structures as it provides a 
constant supply of hydrogen bubbles as a template. Many parameters influence the size and 
distribution of pores as well as the structure of the deposited material; such as deposition time, 
concentration of solutions, substrate and current density.  
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The typical electrodeposition bath for copper deposition contains 0.4M CuSO4 and 1.5M H2SO4 [38]. 
The principle behind the method is that a specific current or voltage is selected that would 
encourage the formation of hydrogen bubbles on the surface of the working electrode, while 
simultaneously depositing metals onto the surface around the hydrogen bubbles. In effect, the 
hydrogen bubbles act as the template around which the metal deposits forming pores within the 
structure. As the structure continues to expand off the surface of the substrate, the hydrogen 
bubbles are forced to leave through the structure leaving interconnected pathways. Through this 
templating method, hydrogen plays a dual role; the adsorption and evolution of hydrogen from the 
substrate where it acts as the template around which the metal is deposited and the evolution of 
hydrogen is also responsible for changes in hydrodynamic conditions near the surface of the deposit, 
in effect ‘stirring’ the solution to provide an influx of metallic salt. An increase in hydrogen evolution 
(achieved by increasing hydrogen electrolyte concentration or modifying the current/potential) also 
increases the ‘stirring’ effect and therefore promotes metal deposition. However, this also can play a 
negative role in the case where vigorous hydrogen evolution occurs where the deposit is either torn 
off the substrate or unable to deposit on the substrate[82]. 
These pores can be controlled via various means such as the rate of hydrogen evolution; which can 
be directly controlled by the current density, concentrations of hydrogen sources, substrates and 
metal concentrations. In the case of Cu, an increase in copper concentration has a direct impact and 
decreases hydrogen ion concentrations[83], however, an optimal Cu concentration range for porous 
3D structures is 0.1 to 0.4 M[84].  
The smoothness of the copper substrates was also studied; it was shown that nodular substrates 
inhibit hydrogen bubble coalescence and therefore increase porosity; the nodules are able to 
promoted hydrogen bubble splitting and therefore reduce the size of the hydrogen bubbles which 
further enhances the depositions morphology by forming smaller pore sizes and therefore a larger 
coverage of pores. Nodular substrates also increased the adhesion of the sample to the substrate 
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due to mechanical interlocking[57]. The increased adhesion can show benefits for catalytic 
applications, etc. 
Additives play a key role in controlling Cu branching and pore sizes; the addition of acetic acid (AA) 
had a direct influence on reducing pore sizes by lowering hydrophobic forces of the hydrogen gas 
which in effect suppressed coalescence of the bubbles. The pores were reduced by 50% with 0.1 M 
acetic acid being added to the electrolyte bath (from an average of 100 µm down to 50-25 µm), the 
decrease in pore size drastically increased pore density on the samples and therefore an increase in 
surface area. An increase of AA above this concentration had no significant effects on the pore sizes. 
Copper branching was heavily influenced by HCl with average branch sizes being reduced to 50 nm 
from 300 nm with an addition of 50 mM HCl. The chloride additive creates a higher exchange current 
density of the Cu2+/ Cu+ reaction step which accelerated the deposition of Cu within the structural 
wall while also capping the growth of Cu branches[35]. These results were also witnessed with 3-
mercapto-1-propane sulfonic acid (MPSA), where Cu deposition rates and hydrogen evolution were 
heavily increased forming smooth walled, highly porous structures with increased mechanical 
strength due to the increased compactness of the crystallites[85]. 
An investigation into structural differences with various current parameters showed that an increase 
in anodic current density (oxidation of the surface, as opposed to cathodic current densities as 
discussed above) above 240 mA cm-2 decreased the quantity of hydrogen bubbling which had a 
direct effect on the copper deposition; going from cauliflower-like agglomerates to dendrites and 
forming a more compact honeycomb structure. This technique also showed an increase in porosity 
and dendritic structural formation when compared to pulsating current (PC) and galvanostatic 
regimes[86]. These dendrites have shown excellent superhydrophobicity after the surface 
modification with alkyl thiols to produce robust, dynamically stable structures[87]. The 
superhydrophobicity was influenced by pore sizes; with a decrease in pore size increasing the 
structures hydrophobic nature. It was shown that with the addition of cetyltrimethylammonium 
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bromide (CTAB), the pore sizes were decreased (due to the affect CTAB had on hydrogen bubbling) 
and large contact angles were observed (up to 162°)[88]. This is not always beneficial as an increase 
in dendritic formation also lowers the mechanical strength of the structure. The PC regime was able 
to decrease energy consumption (required for upscale production) for the production of these 
structures by 15.3% when compared to that of the galvanostatic regime; this is due to short pulses 
(ranging between 1 to 10 ms)[89].   
Typical Cu honeycomb dendritic structures (on Cu substrates) were also electrodeposited by a lower 
current density in a high CuSO4 electrolyte bath, to create a smooth porous structure and remove 
the dendritic growth so that mechanical stability was increased allowing for more rigid application 
testing, one of which was the effect on Li capacity and cycle performance of electrodeposited Sn on 
top of the honeycomb Cu anodes. These post electrodeposited Cu honeycomb structures improved 
Li capacity and cycle performance when compared to uncovered Cu honeycomb structures[57]. 
Annealing of the Cu honeycomb structure (on Ti substrate) at 500°C for 5 h formed a porous CuO 
film which was investigated as a glucose sensor. It was shown that this sensor had a low detection 
limit of 0.14 µM, good selectivity (between AA, uric acid (UA) and glucose), high sensitivity (2.9 mA 
cm−2 mM−1), a wide linearity (1 µM to 2.5 mM), was robust and stable[58].  
The structural morphology of Cu can be controlled with certain overpotentials; for example, low 
overpotentials form large grains with well-defined crystal shapes, an increase in the overpotential 
formed cauliflower-like shapes and in the absence of strong hydrogen evolution, dendritic structures 
were formed[90]. 
1.3.2. Palladium Templating  
Palladium has been seen as a possible replacement for platinum; whether in catalysis, or electrical 
application as Pt is uneconomical and scarcely available on Earth[91]. The hydrogen bubble template 
method was shown to create porous Pd structures on a glassy carbon electrode (GC). The deposition 
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bath consisted of PdCl2 as the Pd source, and NH4Cl as the source of hydrogen. Modifying the 
concentrations of PdCl2 from 0.01 M to 0.0 6 M converted the nanobuds within the wall structure 
into dendritic formations. An increase from 0.2 M to 2.0 M of NH4Cl also created a structural change 
of the Pd from nanobuds to dendritic forms[56]. The concentrations changes of NH4Cl had a larger 
influence on the dendritic formation when compared to changes of PdCl2. The structural change is 
therefore directly associated with an increase in either Pd or NH4Cl concentrations which in effect 
increases the amount of Pd deposited or hydrogen evolution[92]. An increase in deposition time 
from 1 to 4 min, increased the pore size (from 13 to 32 µm due to hydrogen bubble coalescence), 
wall thickness and pore depth of the structures. The individual building grains grew from 130 nm to 
450 nm (Figure 4)[93].  
Both Pd nanobuds and nanodendrites were investigated for the effectiveness at oxygen reduction. 
The detection of oxygen is of great interest due to its importance in fuel cells, industrial safety and 
environmental monitoring. Both structures displayed a 2 step process reducing O2 to H2O2 and 
further to 2H2O2, while also creating a significant positive shift of the oxygen reduction onset 
potential. Only a 2 electron reduction of O2 to H2O2 was observed on the bare GC.  It was also shown 
that this is a surface controlled electron transfer as opposed to a diffusion controlled[56]. Ethanol 
oxidation was also investigated and found to be much higher than non-porous Pd films, pore sizes 
could have a large influence towards the effectiveness of such electro-catalysts as the reaction was 
shown to be diffusion controlled[93]. 
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Figure 4 Porous Pd films electrodeposited from 13.6 mM Pd(NH3)4Cl2 for A) 1, B) 2 and C) 3 min (images copyright 
of Materials Chemistry and Physics 2011[94]) 
1.3.3. Platinum Templating 
Due to the price and availability of platinum and its use in a large array of modern day life[91], it is 
extremely beneficial to be able to consume lower amounts of the precious metal to perform 
comparably if not exceed the bulk structural performance.  
Initially, a porous Pt structure was formed by galvanically replacing a pre-fabricated Cu porous 
structure on a GC. The galvanic replacement was conducted for 4 hours in a 0.5 mM H2PtCl6 bath, 
with the remaining Cu being selectively dissolved through electrochemical dealloying. This material 
was investigated for its usefulness in methanol oxidation. It showed significant effectiveness towards 
methanol oxidation with only a 5% decrease in stability over a week. The tolerance to the poisoning 
species was also investigated and an effective removal ratio was determined to be 1.32 which was 
higher than a commercially available catalyst (E-TEK catalyst with a ratio of 0.74)[95]. 
Undertaking the same preparation method, lower concentrations of Cu were used which were 
galvanically replaced with Pt to form different shapes. Concentrations of 0.01, 0.05 and 0.1 M CuSO4 
produced Pt nanoparticles (PtNP), nanonetworks (PtNN) and nanoflowers (PtNF) respectively after 4 
hours of galvanic replacement. The electrochemically active surface area was measured to be 0.08, 
0.1, 0.22 and 0.69 cm2 for the Pt coated GC, PtNP, PtNN and PtNF respectively. These new structures 
were investigated for oxygen reduction; as expected, the PtNF showing the highest oxygen reduction 
capabilities via a 4 electron reduction of oxygen to water, due to the increased amount of active 
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surface sites. The sample also showed no apparent change in stability over 10 days of non-
continuous testing[96].   
However, in recent studies a simple 1 step procedure was undertaken for the creation of a Pt porous 
structure, a deposition bath of 0.05 M K2PtCl4 with 0.1M H2SO4 was used to deposit Pt onto a Pt 
substrate via the galvanostatic regime to form a foam-like porous structure. This structure displayed 
large improvements in methanol oxidation when compared to a flat polycrystalline electrode of bulk 
platinum. The removal of poisoning species, such as CO, was also evident[97]. 
1.3.4. Gold Templating 
Galvanic replacement of a prefabricated Cu porous structure with Au[98] (deposited on an Au 
substrate seen in Figure 5) has been achieved. The Cu porous film (formed by hydrogen bubble 
templating) was submerged in 50 mM KAu(CN)2 for 2 h. The remaining Cu was electrochemically 
dealloyed and removed. This replacement has also been successful with Ag and Pd[99]. The material 
showed promise as a glucose sensor with a detection limit of 5 µM, a linear response within a 
concentration range of 2 to 10 mM with a sensitivity of 11.8 µA cm-2 mM-1. The effects of interfering 
species (ascorbic acid and uric acid) were also investigated and showed negligible perturbations of 
glucose detection in normal physiological limits (3-8 mM glucose)[98]. This sensor is comparable to 
the previously reported CuO sensor formed by the hydrogen bubble templating method followed by 
heat treatment[58]; however, the increased linear detection limit for this sensor would be favorable 
for physiological testing. 
32 
 
 
Figure 5 Galvanic replacement and dealloying of Cu porous structures with 50 mM KAu(CN)2 for 2 h (images 
copyright of Electrochemistry Communications 2007[100]) 
Gold porous structures have also been fabricated on a Pt electrode using electrochemical deposition 
from a bath containing a gold salt, sulphuric acid, ammonium chloride and potassium iodide. Iodide 
atoms adsorb onto the surface of newly deposited Au particles to form a negative charge which 
increases the rate of nucleation rather than growth rate, this promotes the formation of dendritic 
structures; as iodide is networked throughout the structure, it reduced aggregation of the dendritic 
structures. In comparison when iodide was removed from the bath the porous structure was 
partially constructed and the network was not clearly visible. This structure was used in the 
detection of arsenic and compared to an Au nanoparticle electrode (AuNP) and a Au electrode. The 
detection of 1 ppm for As at the porous structure was 40 times higher than the AuNP decorated 
electrode. The porous Au structure was able to detect arsenic as low as 0.1 ppb with a good signal-
to-noise ratio, gave a linear response range and excellent sensor-to-sensor reproducibility[101]. 
Restructuring of the Au electrode surface has also been undertaken to form porous gold using 
square wave potential pulses (between 0.8 to -5 V at 50 Hz), in NaOH. The principle behind the 
fabrication method is that the repeated oxidation-reduction of the gold surface strips and reforms 
the gold and the hydrogen bubbles evolved from the NaOH electrolyte are used as a template for 
the restructuring of the surface. This method requires no additives in the solution or post treatment 
of the surface. As pulsing time is increased, so do the pores in the structure; a well-structured 
porous structure is visible following 3,000 s and a highly porous structure is produced after 12,000 s. 
33 
 
An increase in NaOH concentration created smaller pores due to the volume of hydrogen bubbles 
formed, and due to the increased density and viscosity of the solution which reduced coalescence of 
bubbles. These structures are extremely stable as they are produced from the substrate itself and 
therefore have good adhesion, they show extremely good electrocatalytic activity towards the 
oxidation of ethanol, glucose and ascorbic acid, strong SERS responses while also being 
renewable[102]. 
The use of an electrodeposition approach from gold salt solution has also been carried out for the 
formation of such porous structures. Both potentiostatic[103] and galvanostatic[104] regimes were 
used successfully with either H2SO4 or NH4Cl as the primary hydrogen sources within the solution. It 
was shown that increases in current density from 2 A cm-2 to 3 A cm-2 created a better defined 
porous structure; these results were also witnessed when the deposition time was increased from 5 
to 30 s. However, an increase in the gold salt (KAuBr4) from 0.1 M to 0.4 M destabilized the porous 
structure and deposited large clumps of Au. The increase in deposition time and gold salt 
concentration also produced changes in the surface energy facets from higher energy ((200), (220) 
and (311)) to the lower surface energy (111). The only visible evidence for such a change is the 
internal wall structure changing from branches (high energy) to elongated rods (low energy)[105]. It 
is postulated that Br- could direct the growth of certain planes as was the case with iodide[101].  
More advanced bubble templating techniques have seen the implementation of lithographic 
patterned silver strips on glassy carbon to deposit Au particles. The hydrogen bubbles not only act as 
templates but as reducing agents for Au+ to Au. As a charge is passed through the Ag strips, 
hydrogen bubbles form on the glassy carbon where they interact with Au ions to form Au which 
triggers an autocatalytic disproportionation reaction of Au to form clusters; as the particles are 
electrically disconnected from the electrode, this in effect is electroless deposition of Au; similar 
results were obtained on a TEM grids. The addition of Ni2+ was found to form hollow Au 
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nanoparticles, this was explained by the fact that Ni deposited onto the electrode and created an 
increase in hydrogen evolution (due to its high exchange current density)[106]. 
1.3.5. Misc. Metal Templating 
1.3.5.1. Silver 
Silver porous dendritic structures were deposited on a Pt substrate from a bath containing Ag2SO4, 
KSCN (acting as a ligand) and NH4Cl. As expected, the increase in NH4Cl decreased pore sizes and 
increased the deposition rate of Ag. An increase of NH4Cl from 0.5 to 2 M reduced pore sizes by over 
50% and increased the amount of pores that formed by a factor of 34 approx. 400%[92]. Increasing 
the deposition time trapped hydrogen bubbles within the structure which led to Ag overgrowth 
forming thicker internal walls[107].  
1.3.5.2. Bismuth 
Bismuth was successfully deposited on a GC from a bath consisting of 1 M HNO3 and 1 mM Bi
3+ ions. 
The electrodeposition was carried out via a 2 step potentiostatic method. The structure formed was 
a single crystal (confirmed by SAED) fern-shaped dendrite (Figure 6). The lack of porosity was 
attributed to the fact that hydrogen bubbles do not easily form at bismuth due to its high 
overpotential[108]. 
 
Figure 6 Electrodeposited Bi structures from 1 mM Bi3+ following a two-step procedure (images are copyright of 
Journal of Materials Chemistry 2011[108]) 
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1.3.5.3. Zinc 
An investigation on the difference between potentiostatic and galvanostatic deposition modes for 
the electrodeposition of zinc on copper was investigated. Hydrogen bubbles were used to direct the 
growth of zinc branches and it was seen that dense branches turned to fern-shaped dendrites with 
potentiostatic and galvanostatis modes. However, as the deposition grew laterally off the structure, 
the galvanostatic regime saw a decrease in the applied voltage due to an increase in cathodic surface 
which affects the evolution of hydrogen, leading to dense branching instead of fern-shaped 
structures. Potentiostatic regimes are therefore preferred for the formation of fern-shaped 
structures (which are suitable for Zn-air batteries) as a constant rate of hydrogen is evolved leading 
to predictable structures[109]. 
1.3.5.4. Iron 
Iron nanofibers, nanotubes and nanospheres were formed in a solution containing iron sulphate and 
sodium monohydrate which was stirred for 30 min at 60°C. The structures are formed by reduction, 
nucleation, growth and assembly. The iron and hydrogen is generated by the reduction of Fe2+ and 
BH4
-, the structures are heavily influenced by the amount, size and flow rate of hydrogen bubbles 
which act as nucleation sites for iron. Solid nanofibers are formed at lower temperatures (20°C) 
possibly due to the reduced reduction rate which limits hydrogen bubbling, therefore increasing 
surface tension between gas and solids, lowering nucleation rates of iron but increasing growth 
rates.  
Increasing the temperature to 60°C formed cylindrical open ended nanotubes as iron nucleates 
around elongated coalesced hydrogen bubbles. A further increase in temperature saw the formation 
of hollow spheres. An increase in the NaBH4 solution created smoother and thicker walls[110].   
1.3.5.5. Lead 
Hydrogen bubbling template was used for the deposition of porous Pb on a Pt substrate. The 
deposition bath consisted of Pb(ClO4)2 and HClO4; the effects of Pb concentration, perchloric acid 
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concentration, deposition current and additives were investigated. The structures created varied 
between wires and particles; with HClO4 concentrations lower than 0.9 M, wires were formed and 
higher concentrations of HClO4 formed particles or decorated wires (Figure 7). This may be related to 
the current density which is directly related to hydrogen evolution. With this increase in 
concentration, the pore sizes also increased as did the compactness of the pore walls due to the 
enhanced hydrogen evolution rate and deposition rate. Sodium citrate was found to cause the Pd to 
retain its sub-micrometer wire formation due to the inhibition of the additive. Lead concentration 
increases; as expected, increased the amount of Pb deposited forming thicker wall deposits, and 
increased pore sizes[82].   
 
Figure 7 Deposition of Pb from Pb(ClO4)2 over 2 min with various concentrations a)0.03 b)0.3 c)0.6 d)0.9 e)1.2 and 
f)1.8 of HClO4 (images copyright of Applied Surface Science 2011[82]) 
1.3.6.  Electroless Templating 
1.3.6.1 Calcium Carbonate 
Non-electrochemical means have also been used for bubble templating of metals; one such method 
involves the passing of a mixture of CO2 and N2 gas into a solution of calcium chloride and ammonia. 
The solution immediately forms a white precipitate and the reaction was complete after 10 min. The 
precipitate was caused by hollow and dense CaCO3 particles with a mean diameter between 1-5 µm. 
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This novel method for creating hollow particles follows a three phase gas-liquid-solid reaction, 
beginning with nucleic aggregation of the particles around the bubble surface to form the inner 
shell, followed by crystal growth to form the outer shell[34]. 
1.3.6.2. Carbonated hydroxyapatite 
Carbonated hydroxyapetite (HCAp) is a widely used biomaterial in fields such as biochemistry, 
biomedicine, chemical catalysis, etc. Production of porous HCAp would be advantageous due to an 
increase in surface area and surface activity; current methods either are unable to control pore size 
and destroy such porosity in the manufacturing process or are complicated, costly and have low 
surface activity. It was reported that a solution of Ca(NO3)2 and (NH4)2HPO4 was used to dissolve 
urea and Na2EDTA, heated to 367K and placed in an autoclave at varying pressures for 5 h. The 
decomposition of urea (from the increased temperature) formed CO2 bubbles which formed gaps 
between the growing flakes of HCAp. The final product was a porous interconnected flake structure 
where pore sizes decreased with an increase in autoclave pressure; the flake sizes also decreased 
with an increase in autoclave pressure as did the compactness (due to smaller particle sizes allowing 
closer packing). It is worth noting that pore sizes can be controlled from the micro- to the nanometer 
size via pressure adjustments[37]. 
1.3.7. Bimetallic Templating 
1.3.7.1. Gold-Platinum 
Simultaneous deposition of two metals from a single deposition bath has been reported, with both 
Au and Pt being co-deposited on a Pt foil via hydrogen bubble templating to form highly porous 
structures. XRD data shows that the material produced is a single phase alloy as opposed to phase 
separated metallic Au and Pt. Various concentrations of Pt were used (0.02, 0.12 and 0.16 mM) and 
Au (0.4, 2, 5 and 10 mM). These materials displayed exemplary performance and long term stability 
towards formic acid oxidation when compared to commercially available Etek-Pt/C catalysts and 
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showed almost no signs of poisoning through CO adsorption. The lowest concentration of Pt 
displayed the most promising results, leading to the conclusion that dispersed Pt atoms performed 
best for formic acid oxidation. The increase of the oxidation rate of the material was also witnessed 
due to the binding energy (BE) decrease of the Pt d-band. This could be the reason behind the low 
poisoning effects (of COads) witnessed on the Au/Pt alloy. Methanol oxidation was also investigated, 
with higher Pt content in the alloy being more favourable compared to formic acid oxidation, the 
ensemble effect plays a larger part due to a four electron reaction step for methanol oxidation[111]. 
1.3.7.2. Copper-Tin 
Hydrogen bubble templating formed highly porous Cu6Sn5 alloys on a Cu substrate; the alloys were 
tested as negative electrodes in Li rechargeable batteries (Figure 8). They were able to deliver a 
reversible capacity of 400 mA h g-1 for up to 30 cycles; due to their high porosity and therefore 
increased surface area, fast mass transport and rapid surface reactions were possible allowing the 
material to exhibit advanced rate capabilities[112].  
 
Figure 8 CuSn alloy deposited for 10 s from 0.26 M CuSO4 and 0.2 M SnSO4 (images copyright of Advance 
Functional Materials 2005[113]) 
1.4. (Electro)-catalysis 
Catalysis is a field that has seen major improvements with the introduction of bimetallic structures, 
with enhancements in stability, selectivity and activity being achieved [114-116]. The increased 
catalytic activity could be contributed to two possible reasons: atomic ensemble (molecular 
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arrangement) and ligand effects (electronic properties)[46]. Atomic arrangement plays a large role in 
catalytic activity, structural ensembles have an impact on the properties of a material, particularly 
bimetallic structure rely heavily on atomic arrangements, as discussed previously. An example of 
such an effect is the case of Pd/Au(100) and Pd/Au(111) showing varying catalytic activity towards 
the acetoxylation of ethylene to vinyl acetate; a distinct increase was noticed in the (111) case as 
opposed to the (100) structure.[33] The Pd/Au (111) produced an increased number of Pd surface 
atoms as opposed to the Pd/Au(100), which could be responsible for the increased catalytic activity 
due to increased surface area with reduced particle size. Since the electronegativity of Au and Pd is 
identical (1.4), charge transfer is very limited between the two metals therefore, electronic activity 
can be ruled out for the increased efficiency[117].  
Electronic activity also plays a major role in the catalysis of certain reactions.  M/Mx+ redox 
potentials were controlled for Group 10 and 11 transition metals by controlling the size of the metal 
particles. It was shown that a decrease in metal particle size reduced redox potentials and increased 
catalytic activity towards various dyes (fluorescein, methylene blue, etc.)[79]. The reduction in redox 
potentials for the metals increases their effectiveness as an electron bridge. For the metal to act as a 
catalyst both the reducing agent (in this case BH4
-) and oxidizing species (the dye) need to bind to 
the metal surface for electrons to be transferred from BH4
- to the dye. The lower the redox potential 
of the metal, the larger the electron transfer would be due to the resultant potentials; anodic to the 
reductant and cathodic to the oxidant[118]. This holds true if the metal redox potential is not lower 
than the reducing agent, therefore size plays a large role[119] in the electronic configuration of 
metals[79]. A combination of bimetallic atomic arrangement and electronic activity could see a new 
era in catalytic advancements.  
1.4.1. Active sites 
The catalytic activity of metals can be attributed to active sites on the material that are capable of 
affecting the activation energy of a certain reaction. Active sites are hard to quantify due to the large 
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amount of possible variations that create such sites; size, shape and orientation are the most 
obvious factors that contribute to surface active sites; however systems become an order of 
magnitude more complex when stabilizing agents, ligands, oxides and/or other metals are 
introduced to the system or changes in the catalytic morphology during reaction[120]. There are 
however, catalytic reactions where the activity is independent of such factors mentioned above, 
these catalysts are “structurally insensitive”[120]. 
Surface atoms are typically responsible for the catalytic activity of certain systems. These surface 
atoms do not form part of the bulk and as such have an incomplete set of neighbouring atoms 
causing changes in the valence band of the atoms, creating areas of potential activity. The lack of 
neighbouring atoms also has an effect on the lattice arrangement[121]. These surface atoms are 
capable of forming surface sites for more complex reactions. It is then beneficial to have adatoms on 
the surface of structures due to the increase in not only surface area but also available valence 
bands as potential reactions sites.   
It is interesting to note that different preparation methods of the same composition (example nickel 
on silica) have varying catalytic behaviour even if differences in surface area is normalized. An 
increase in particle size decreased the catalytic activity of nickel towards hydrogenolysis of ethane to 
methane, a decrease larger than could be accounted for by the loss in surface area with increased 
particle size. The effects of changing electronic structure with decreased particle size and surface 
area is believed to further contribute to the increased activity[122]. 
Determination of catalytic active sites on metallic compounds is a complex matter, especially in 
regards to decreasing particle size and the introduction of a secondary metal to a system. The 
bimetallic system will furthermore have a varied electronic structure together with the changes 
caused by decreased particle size[79] and various oxide formations on metal surfaces. It is overall 
beneficial to have an increase in dendritic structures due to the high volume of corner and edge 
atoms compared to face atoms and the higher availability of active sites. 
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1.4.2. 4-Nitrophenol (NP) reduction 
4-Nitrophenol is a major refractory pollutant (stable at high temperatures above 538°C) produced by 
the industrial sector. It results from production processes of insecticides, herbicides, pesticides, 
pharmaceutical products, synthetic dyes and petrochemicals[123, 124]. Current methods of 
treatment include chemical, physical and biological, however adsorption is the most widely adopted 
process[123]. Short-term exposure to NP causes nausea, drowsiness, headaches and cyanosis; long-
term effects have not been studied in humans[124]. Removal of NP is undertaken via various 
methods including photocatalytic degradation[125], microbial degradation[126], catalysis[127] etc. 
Adsorption on activated carbon[128] is one of the most common methods for the capture of 4-NP; 
however, due to the cost of these adsorbents alternative methods are sought which have quick 
reaction rates and are economically viable. Nitrophenol detection and reduction is easily studied 
with UV-vis. This simplicity also makes this reaction an ideal standard for catalytic activity within 
research but also applicable to industry. 4-Nitrophenol has a peak maximum at 317 nm[129] which; 
with the addition of excess NaBH4 (a typical reducing agent), red shifts to 400nm due to the 
formation of 4-nitrophenolate ion in the alkaline solution[129] (Figure 9). The 4-nitrophenolate ion is 
stabile within the solution for days with no noticeable reduction; the reaction is thermodynamically 
feasible (E0 for NP/AP = -0.76 V and H3BO3/BH4
- = -1.33 V vs NHE), however it is kinetically restricted 
[130, 131]. The addition of a catalyst to the solution fades the mixture and a residual peak at 295 nm 
appears, which increases with time as 4-nitrophenolate is reduced to 4-aminophenol (AP) [20, 132]. 
Aminophenol is an important intermediate for the industrial production of paracetamol, where AP is 
reacted with acetic anhydride to form paracetamol[133], it is heavily used as a hair dying agent, in 
photographic development and corrosion inhibition [134, 135].  
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Figure 9 UV-vis spectra of 4-nitrophenol (red) and 4-nitrophenolate (blue) (Copyright of the Journal of 
Photochemistry and Photobiology A)[136] 
An induction time is usually associated with this reaction due to the activation of the catalyst 
(removal of any oxides) [119, 137]. The catalyst acts as an electron proxy[129] as both BH4
- and NP 
are negatively charged; transferring electrons from the BH4
- donor to the NP acceptor, following the 
adsorption of both species onto the catalysts surface, conforming to the Langmuir-Hinshelwood 
mechanism[135, 138]. BH4
- transfers a surface H to the catalyst at which point NP adsorbs onto the 
surface, electron transfer through the catalyst occurs and H is released, NP is reduced to AP which 
desorbs off the surface due to its neutrality[138]. This process is a six electron transfer process and is 
limited by desorption of the final product (AP) [131, 139] and the mechanism can be seen in Figure 
10.  The liberated H (visible on the catalyst surface); from BH4
-, purges O2 from the solution 
preventing the product from oxidizing[130]. Due to the use of excess reducing agent, the catalytic 
rate of reaction is classified as pseudo-first-order[132].  As mentioned previously, the electronic and 
physical properties of the catalyst largely influence its effectiveness towards a specific reaction. 
Particle size has been investigated towards the reduction of NP and it was determined that a 
decrease in the particle size of Au saw an increase in catalytic activity towards NP reduction[119], it 
was determined that the decrease in particle size increased the surface area and roughness of the 
particles.  An important factor to consider for the reduction of NP is the catalytic surfaces’ reactivity 
in regards to the adsorption of NP and desorption of AP. An increase in surface area would also show 
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promise towards this reaction as more active sites would be exposed to allow for an increase in 
reaction rate. 
 
Figure 10 Reduction mechanism of 4-nitrophenol with sodium borohydride as the reducing agent (Image copyright of 
Journal of Photochemistry and Photobiology A)[139] 
1.4.3. Ferricyanide (FCN) reduction 
The reduction of ferricyanide (Fe(CN)6
3-) to ferrocyanide is a simple method to display catalytic 
activity of certain materials and is used as a model reaction which can be monitored neatly with the 
use of UV-vis spectroscopy. Ferricyanide is commonly reduced with thiosulphate (S2O3
2-) and follows 
the redox reaction seen in Equation 1 by the mechanism seen in Equation 2[140]. 
   
Equation 1 Reduction of ferricyanide by thiosulphate 
 
Equation 2 Two half reactions involved 
This reaction is relatively stable without the addition of a catalyst. The catalysis of ferricyanide is 
undertaken via an electron transfer [141] process where the catalyst acts as a proxy to transfer 
electrons from the thiosulphate to the ferricyanide[142] as was seen in the case of NP. The 
reduction potential for ferri/ferro has been reported to vary between E0 = -0.4 to -0.51 V vs NHE, 
depending on concentration[143]. The reaction is heavily regulated by the surface of the 
catalyst[141, 144] and metals are the most common form of catalyst due to their electron 
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transferring capabilities as conductors[145], which can be heavily influenced by the composition of 
the metal. 
1.4.4. Hydrogen evolution reaction (HER) 
The hydrogen evolution reaction (HER) is one of the most studied electrochemical mechanisms due 
to its effectiveness as a clean and viable energy carrier [142, 145]. The catalysis is dependent on the 
transfer of electrons from the substrate to the proton and follows one of two possible pathways 
[146, 147]:  
H+ (aq) + M + e        M-Had 
Followed by either recombination: 
(Volmer-Tafel pathway) 
M-Had + M-Had        2M + H2 
Or an ion-atom reaction: 
(Volmer-Heyrovsky pathway) 
M-Had + H
+ (aq) + e        M + H2  
A method of determining the catalytic capability of a metal is usually associated with the current 
exchange density (io) of the material in question[144], which is a measure of the rate of hydrogen 
evolution per surface area at the electrode surface. This information is usually plotted as a Tafel 
slope or a volcano curve which provides a function between log(io) and different properties of the 
metal[144]; a typical plot can be seen in Figure 11 which shows is a plot of log(io) vs the metal-
hydrogen bond strength (EM-H)[148]. 
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Figure 11. Volcano-curve of various metal hydrogen exchange currents (H2 evolution current density vs metal to 
hydrogen bond strength)[148] 
The EM-H is an important factor to consider when dealing with hydrogen evolution electro-catalysis; if 
the intermediate is too strongly bound to the catalytic surface, the catalyst becomes inactive due to 
the inability of the surface to release the bound intermediate. With weak bond strengths, the 
intermediate has difficulties binding to the surface and therefore is unable to progress through the 
reaction. The strength of this bond is strongly related to the work function of the atom (an example 
of relevant work functions can be seen in Table 1). From Figure 11, it can be seen that Pt has a high 
exchange current and a EM-H that is neither too strong or weak and therefore would make an 
excellent catalyst towards the HER, whereas Au has a lower hydrogen adsorption bond strength and 
will not be able to catalyse hydrogen to the extent witnessed with Pt, while W would be inactivate 
due to the increased M-H bond strength. 
An interesting observation from Figure 11 is that transition metals and sp metals are divided 
between the two slopes with transition metals displaying higher M-H bond strengths (right hand 
slope) while sp metals display lower M-H bond strengths. Exceptions to this rule are group 11 and 12 
elements which display sp like characteristics towards the adsorption of hydrogen[148]. 
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Bimetallic materials have shown promise in the field of HER due to their unique electronic structures 
when compared to monometallic materials, as discussed earlier. These structures are capable of 
promoting and affecting the catalytic process even if they are deposited below the surface. It has 
been shown that a Pd mono-layered surface, with a secondary metal sub-layer (Au or Pt) was 
capable of increasing the HER significantly[149]. With the influence of the secondary metal on the 
electronic properties of the surface, two obvious possibilities can be envisaged. Either, an increase in 
catalytic activity will be established due to promotional effects of the bimetallic system, or a 
derogatory effect will be seen and the activity will decrease. Higher electronegative metals have 
shown to play an important role in bimetallic compounds. In particular, the location of the 
secondary metal plays a large role in the overall HER potential of these systems, the deposition of a 
higher electronegative metal on the surface of the structure would increase charge transfer from the 
base metal creating an excess of surface electrons which influence the HER potentials of the 
sample[150]. Due to this, it is expected that various metal combinations would show promise for this 
reaction. 
Density function theory (DFT) was used by Norskov to show the metal-hydrogen bond strength (EM-H) 
of various bimetallic combinations with various monolayer coverage (Figure 12); from 1/3 coverage 
to a full monolayer [151]. 
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Figure 12 Magnitude of free energies of hydrogen absorption on various metal combinations at 298K with a) 1/3 
monolayer, b) 2/3 monolayer and c) 1 monolayer coverage of y-axis metal on x-axis metal. X denote pure elements 
(Image copyright of Surface Science 2007[151]) 
It can be seen that large differences exist between shifts from 1/3 monolayer coverage to a full 
monolayer coverage between many metals. For example, in the case of a Cu/Ag metal combination, 
the initial coverage of 1/3 Ag on a Cu surface displays a strong M-H bond strength. With a full 
monolayer coverage, this bond strength is weakened. An optimal bond strength for the HER would 
be an intermediate between these two extremes which is a coverage of 2/3 monolayers as can be 
seen in Figure 12.  
1.5. Surface Enhanced Raman Spectroscopy (SERS) 
Surface enhanced Raman spectroscopy is a technique used for the detection and identification of 
molecules. The principle behind this technique originates from Raman spectroscopy which exploits 
the excitation or relaxation of vibrational modes of molecules (see chapter 2.4.7 for further details). 
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This principle is built on with SERS by the use of specific substrates to enhance the signal in order of 
106 fold[152]. This enhancement is caused by two possible factors: 
1) Electromagnetic enhancement caused by the substrate surface 
2) Chemical enhancement caused by the surface species 
Both of these factors play a role in the signal enhancement, and choice of substrate is essential for 
the exploitation of this phenomenon. It has previously been shown that metals which plasmon 
resonance frequencies that fall within SERS wavelengths (visible-NIR range) would display optimal 
responses. Silver and gold are known to be particularly active in this region, with copper also falling 
within the acceptable wavelength range for reasonable SERS activity[153].  
SERS is a very powerful sensing technique[154]; being capable of sensing individual molecules[155]. 
The sensing capabilities at times require a Raman active label; in particular for DNA sensing and 
other biological system [156] to eliminate the need for radioactive labels. Labels such as cresyl fast 
violet[157],  rhodamine B[158], rhodamine 101, etc.[159] are used as markers which have shown 
excellent sensitivity and selectivity towards signal enhancements. Combining these markers together 
with highly roughened noble metal surfaces such as silver and gold has shown promise in increasing 
signal response for genetic detection[156], however, bimetallic structures have become a point of 
interest lately in an attempt to combine beneficial factors from both metals. It was shown that a 
bimetallic Ag/Au substrate showed decreasing sensitivity towards rhodamine B due to Au coverage 
over the more SERS active Ag[160] as more Au was added to the samples. This implies that 
reasonable steps should be taken in the fabrication of bimetallic structures so that the optimal 
characteristics of the metals are displayed, such as shape and size control. Shape and size control of 
Ag/Au bimetallic compounds was seen to promote the SERS signal intensity of 4-ATP, these 
parameters were controlled by certain selection of molar ratios of the two metals[161]. Sharp 
features have been shown to have the highest plasmon excitation and are therefore the preferred 
shape for SERS sensing[162].  
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The coinage metals (Cu, Au and Ag in particular) have all shown promise for SERS signal 
enhancement due to their surface plasmon resonance (SPR) being located within the visible and 
near-infrared (NIR) region which is the same excitation radiation used by SERS lasers[152]. The SERS 
wavelength used in the studies reported in this thesis was 785 nm which is in the upper limit of the 
red visible light spectrum, within the near-infrared range.  With similar substrate roughening and 
preparation, it was shown that silver displays the highest SERS activity followed by copper and then 
gold of the 3 coinage metals discussed here[163]. 
The size of gold particles plays a large role in its effectiveness as a SERS enhancer, as the particle size 
decreases towards sub 120 nm, the SPR moves further towards the UV region as opposed to a larger 
particle size (>120 nm) which is well located within the visible range region[164]. The optimal gold 
particle size for SERS signal enhancement was shown to be 135 nm which falls well within the visible-
NIR region[164]. Shape also plays a role; as expected, in the influence of the signal intensity, with 
triangular gold showing a SPR within the NIR region and the highest SERS activity[165]. 
As seen above with gold, the shape of Ag and Cu also play a large role in the positioning of the 
metals SPR; triangular Ag particles see a red shift in their SPR towards the NIR region while spherical 
particles shift towards the UV region[166]. Silver in general has shown excellent effectiveness for 
SERS signal improvements and dendritic-needle like structures heavily promote such intensities [167, 
168]. The aggregation of Cu particles also sees a shift in the SPR towards the NIR region[169] and this 
metal also shows promise for SERS enhancement[170-172]. Fine tuning the SPR of a metal to fall 
within the SERS laser wavelength will help promote the electromagnetic enhancement. 
Spherical palladium particles in the range of 10 nm absorb radiation within the UV region [153, 173]; 
due to this, these particles would not be expected to exhibit any reasonable SERS activity given that 
visible and near-infrared radiation is used by SERS. This means that no resonance would occur on the 
surface of such particles. However, size control of Pd has shown some promise in SERS activity, with 
spherical Pd deposition of 600nm diameter showing an increase in SERS intensity by a factor of 1800, 
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which drops down to a factor of 500 once the diameter is reduced to 500 nm[174]. This is explained 
by the change in absorbance frequency as size is varied of the sample. Shape control has also proven 
to be beneficial, with Pd nanocubes 50 nm in size showing a large SERS enhancement factor of 7.5 x 
10+3 which is halved once the size of the cube drops down to 25 nm[175]. 
Bimetallic combinations should show promise towards SERS assuming the right shape and size is 
formed. Previous work demonstrated that coating Cu powder with Ag nanoparticles was more SERS 
active than Cu powder coated with Au nanoparticles[176] due to the electromagnetic coupling 
between Ag and Cu surface plasmons. Palladium would be expected to have the lowest SERS activity 
compared to silver, copper and gold. 
1.6. Aims of this thesis 
With the implementation of a clean, quick and simple templating method, the main aim is 
determining the most suitable substrate for the combination of various metal bimetallic structures. 
Pd, Au, Cu and GC are investigated as potential substrates for the deposition of Cu, Ag, Au and Pd 
bimetallic structures.  
The bimetallic structures are deposited electrochemically via the hydrogen bubble template method 
which has been discussed earlier. The metal combinations that are deposited are: 
- Cu/Ag and Ag/Cu 
- Cu/Au and Au/Cu 
- Cu/Pd and Pd/Cu 
Metal concentrations of both metals are varied and the final structures are characterized by SEM, 
XRD, XPS and AAS. Their applications towards the catalytic reduction of NP and FCN are examined, 
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together with their electro-catalytic efficacy towards the HER and sensing capabilities implementing 
SERS. 
It is then considered which metal combination shows the most promise towards certain applications 
and the metal ratios that are most suitable within that combination. 
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Experimental 
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2.1. Materials 
Copper(II) sulphate (CuSO4), palladium nitrate (Pd(NO3)2), potassium tetrabromoaurate (III) (KAuBr4), 
silver nitrate (AgNO3), sulphuric acid (H2SO4), sodium thiosulphate (Na2S2O3), potassium ferricyanide 
(K3[Fe(CN)6]), sodium hydroxide (NaOH) (Ajax Finechem), 4-nitrophenol (BDH), sodium borohydride 
(NaBH4) (Sigma-Aldrich)  and rhodamine B (Merck) were used as received and made up with 
deionized water (resistivity of 18.2 MΩ cm) purified by use of a Milli-Q reagent deionizer (Millipore). 
A Ag/AgCl (aqueous 3 M KCl) reference electrode was used for all electrochemical wall with an inert 
graphite rod (3 mm diameter, Johnson Matthey Ultra “F” purity grade) as a counter electrode and Cu 
foil (99.999% purity from Good-fellow), Pd, Au and glassy carbon (BAS) working electrodes.  
Sample fabrication is discussed in detail per chapter; in summary bimetallic structures were 
deposited via a galvanostatic method by applying a current density of 3 A cm-2 for varying deposition 
times. The plating bath contained varying salt concentrations, depending on the system being 
investigated. 
2.2. Catalysis 
The reduction of 4-nitrophenol (NP) was undertaken in a total volume of 30 mL under stirring 
conditions at a temperature of 22°C containing 1 mM NP and 0.1 M NaBH4. The samples were 
attached to the side of the beaker and progress of the reaction was monitored by taking 1 mL 
aliquots from the reaction mixture and analysing them using UV-visible spectroscopy. 
A 24 mL solution containing 1 mM K3Fe(CN)6 and 0.1 M Na2S2O3 under constant stirring conditions at 
a temperature of 22°C was used for the reduction of ferricyanide. The samples were attached to the 
side of the beaker and 1 mL aliquots were sampled for UV-vis. monitoring of the reaction rates. 
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Electro-catalytic analysis was performed for the hydrogen evolution reaction (HER) on in a solution 
containing 1 M H2SO4, which was degassed with nitrogen gas prior to testing. 
2.3. Sensing 
The sensing capabilities of the materials were investigated via surface enhanced Raman 
spectroscopy by immersing the samples in 1 mM rhodamine B solution for 1 hour with the excess 
removed by washing with Milli-Q water. 
2.4. Instrumentation 
2.4.1. X-Ray Photoelectron Spectrometry (XPS) 
X-Ray Photoelectron Spectroscopy (XPS) implements the use of monoenergetic x-rays (commonly 
MgKa or AlKa) to determine atomic composition and types of bonds within the surface layers of a 
sample. As the sample is bombarded with x-ray photons, electrons of specific energies are jettisoned 
from their host atoms core-level, becoming photoelectrons which are then measured and a 
spectrum is produced. The spectra provides information on the binding energies and the quantity of 
certain elements (as more electrons of a certain binding energy are released the higher intensity the 
peak would be). The difference between the kinetic energy of a photoelectron and the initial energy 
of the photon (x-ray) is the binding energy of an electron and the work function (the energy lost by 
the electron travelling from sample to analyser). The work function is a known constant for each XPS 
analyser, therefore the binding energy provides the information on the atomic composition (as each 
atom has its own fingerprint core-energy levels), and the type of bond (as certain bond require more 
or less energy to break). For this reason, monoenergetic x-rays are used so that the initial photon 
energy is known. 
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Electrons from the core-level are used for characterizing elements as their binding energies are 
constant to a particular element (relative to the surrounding environment), whereas Fermi-level 
electrons are further away from the nucleus and usually involved in bonding and/or sharing between 
atoms and therefore do not carry enough information on an element (characteristic binding 
energies) to be used as a primary source of information. 
The photons penetrate a depth of a few micrometers, transfer their energy to electrons which is 
then jettisoned and becomes a photoelectron; however, helpful information is only extracted from 
the top 1 to 10 nm of a sample. The reasoning behind this is that lower lying electrons interact with 
other electrons as they are freed from to the surface and therefore do not provide an accurate 
representation of the elements bonding energies. As the bulk electrons do not provide useful 
information, certain techniques are employed to reduce the amount of bulk electron detection. Such 
techniques include increasing the incident angle of detection so that the photons do not penetrate 
too far into the bulk and using radiation of certain energies so that it does not excite electrons that 
are deep within the bulk. As such Mg and Al (1253.6 and 1486.6 eV respectively) are used for the 
source of the x-rays as their radiation falls within a range where it is powerful enough to photoeject 
electrons from core-levels but weak enough not to penetrate too far into the bulk of the material. 
These x-ray sources also have a line width which is small enough to provide good peak resolution 
(0.7 to 0.85 eV for Mg and Al respectively) when compared to other possible sources. 
As electrons from core-levels are removed, valence level electrons drop energy levels to fill the hole 
in the core-level and release a certain amount of energy (due to a drop in energy levels) to a third 
electron which is ejected from the atom as an Auger electron. These electrons are also measured by 
the analyser and can be seen on the spectrum. However, they do not provide information on the 
binding energies of an element but can still be used for characterization as they provide information 
on energy gaps between shells. As electrons are removed from the sample an ion gun (flood gun) is 
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used to replenish the loss of electrons. As the energy of these electrons does not match any binding 
energies, they contribute to the background noise if they come in contact with the analyser. 
All XPS measurements were conducted on a VG MicroTech ESCA 310F instrument with a vacuum > 1 
x 10-9 Torr. Radiation from Mg Kα with photon energy = 1253.6 eV at a pass energy of 20 eV and 
take-off angle of 90˚ implemented. Core level binding energies were aligned with the standard 
carbon binding energy of 285 eV[177, 178]. 
2.4.2. X-Ray Diffraction (XRD) 
X-ray Diffraction implements the use of hard x-rays (short wavelength x-rays (3 – 0.1 angstrom) 
usually 1 – 120 keV) which are produced by heating a filament to emit electrons for use in structural 
probing of primarily solid materials. This non-destructive technique is used to determine the 
crystalline phases, composition and orientation of structures, structural properties such as grain size 
and strain, and film thickness’. Such analysis is only possible if the resultant wavelengths follow 
Braggs Law:  
          
Where n is the integer number, is the wavelength, d is the interplanar spacing and  is the angle of 
incidence.  
Constructive interference is necessary for diffraction patterns to be collected.  As high energy x-rays 
interact with a sample which has similar atomic spacing as the incident wavelength, the x-ray is 
diffracted by the sample. If the integer number and wavelength of the diffracted x-rays match, 
constructive interference is achieved and a peak detected. All possible diffraction patterns are 
collected as the sample is scanned through a variety of incident angles. These diffraction patterns 
provide important information on materials as different crystalline planes provide different 
properties to a material (an example being graphite and diamond both being carbon of different 
planes). 
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The composition of a material can also be determined by calculating the interplanar spacing (d). As 
each element has a distinct size, crystalline planes will have specific spacing’s depending on the size 
of the element involved.  
   
  
     
 
Determining the interplanar spacing can also prove useful in determining the inclusion of other 
elements within a crystalline plane to form an alloy or phase separated structures. 
The use of a Bruker D8 Advance X-Ray diffractometer was implemented for all XRD scans. This 
machine was equipped with a graphite-monochromated Cu tube source (Cu Kα radiation, λ = 1.5406 
Å) and a scintillation counter detector[179-181]. 
2.4.3. Electrochemical measurements 
A potentiostat is used for a variety of electrochemical techniques and helps us know or control the 
potential of an electrode within a solution. The most common setup of using a potentiostat is with 
three electrodes within the electrochemical cell (Figure 13); a working electrode, reference 
electrode and counter electrode. The working electrode is the point where the desired reaction 
takes place and usually results in the formation of a double layer region between the electrode 
surface and the bulk of the solution. Knowing the electrode potential in the bulk of the solution 
through this double layered region is impossible and therefore a reference electrode is used to help 
in obtaining this measurement. To ensure that the reference electrode does not play a part in any 
reactions, a counter electrode is introduced to maintain any current within the electrochemical cell. 
 
Figure 13 Electrochemical cell setup with three electrodes 
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This setup can be used to describe and understand certain redox reactions, determine surface 
species of a certain material under investigation, examine how a material will react at a certain 
potential, etc. An indirect consequence of some investigations is the rearrangement or the 
formation of a new material, with the capabilities of controlling size, shape and macro-morphology 
with the use of certain templates or additives.  
A variety of techniques are at the disposal of the potentiostat to undertake these tasks, ranging from 
cyclic voltammetry, impedance measurements, galvanostatic, square-wave voltammetry, etc. Within 
this work the galvanostatic and cyclic voltammetry methods were employed for various 
electrochemical reactions. 
Cyclic voltammetry (CV) relies on the sweeping of the working electrodes potential between a set 
range in a linear manner versus time. Once the set range is reached, the potential is reversed and 
sweeps in the reverse range to the initial point.  
The galvanostatic technique maintains a constant current over a certain period of time, with changes 
in the potential of the cell being recorded. This method is dynamic as the potential changes to adjust 
for any increase or decrease in resistivity within the cell while maintaining the constant current. 
A standard three electrode configuration using a CH Instruments 760C system was used for this work 
with a Ag/AgCl (aqueous 3 M KCl) reference electrode, an inert graphite rod (3 mm diameter, 
Johnson Matthey Ultra “F” purity grade) as a counter electrode and varying working electrodes as 
discussed later in this thesis[182-184]. 
2.4.4. Scanning Electron Microscopy (SEM) 
A SEM is capable of imaging samples with a resolution of 1 nm due to the use of electrons instead of 
photons allowing it to take extremely high magnification images for nanometer scale samples. The 
machine relies on the ejection of electrons from a tungsten filament; this beam is focused through a 
set of electromagnetic lenses and with the use of a deflector the beam scans through the x and y axe 
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on the surface of a sample. Upon impact with the sample surface, an energy transfer occurs 
between the incident electrons and the interaction volume releasing secondary electrons from the 
surface, backscattered electrons from the incident beam and electromagnetic radiation. With the 
collection of the secondary electrons by a detector, a grey-scale image is formed depending on the 
energy of the electrons. 
Imaging was undertaken on a FEI Nova 200 SEM operating with an accelerating voltage of 15 kV. 
Image magnifications were selected to best show the morphology or size of the samples. Low 
magnifications images were selected for overall macrostructure and high magnification images used 
to show finer details and tip sizes [185, 186]. 
2.4.5. Ultraviolet-visible Spectroscopy (UV-vis) 
The basic principle behind the UV-vis is the passing of a range of wavelengths (ranging the UV and 
visible light spectrum) through a sample. The molecules within the sample undergo an electronic 
transition (assuming they possess non-bonding or ϖ-electrons) were specific wavelengths will excite 
the electrons in the sample. This excitation causes the electrons to move to a higher non-bonding 
energy band within the atom. Once the excitation wavelength stops, the electrons release the excess 
energy and drop to their original energy band within the atom. The released energy is recorded in 
the form of a wavelength and a spectrum is produced. The easier an electron is excited, the longer 
the wavelength it can absorb.  
Samples are commonly placed in a quartz or plastic transparent cuvette so that UV and visible light 
can traverse through the sample. The Beer-Lambert law is implemented for the measurements: 
  
Where: 
A = measured absorbance 
Io= absorbance of incident light 
I = transmitted intensity 
ε = extinction coefficient 
c = concentration of sample 
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L = path length through samples (commonly 1 cm) 
 
A Cary 500 (Version 3 (182) was used for all UV-vis measurements with samples placed in a plastic 
cuvette[187, 188]. 
 
2.4.6. Atomic Absorption Spectroscopy (AAS) 
Atomic absorption spectroscopy is employed to determine the concentration of a certain element in 
a sample. The sample is introduced into the machine where it is dried (in a flame), turned into a gas 
and then atomised so that free standing atoms are present in the gas. The atoms are then hit with 
certain wavelengths of light that would excite the element, depending on the element being 
investigated. The electrons in the element will then move to an excited state, once the electrons 
return back to the ground state, the wavelength of light released is detected by a detector and 
quantified. This reading is then compared to a set of standards and a concentration of a specific 
element is determined.  
A Varian AA280 Fast Sequential AAS was used to determine the bulk metal loading within all samples 
[189, 190]. 
2.4.7. Surface Enhanced Raman Spectroscopy (SERS) 
Surface-enhanced Raman spectroscopy is a technique which builds upon Raman spectroscopy. 
Raman spectroscopy relies on inelastic scattering of light and is used as a non-destructive, non-
intrusive method to determine the rotational, vibrational and other low frequency modes of a 
system. The procedure implements the use of a laser to excite molecular surfaces to cause a 
vibration and excitation in the system. The signal response intensity of Raman is orders of magnitude 
lower than that of fluorescence[191], however, conducting Raman on a roughened surface noble-
metal substrate was seen to enhance the signal response by an order of 106 times more intense than 
Raman[152]; which is now known as SERS. With such high sensitivity factors, SERS is capable of 
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detecting individual molecules on the surface of a substrate[155]; this sensitivity has seen its uses in 
the detection of glucose, anthrax, pesticides, genetic diagnostics, etc.[191]. 
The mechanism behind this enhancement has been debated for many years, and it is now believed 
that two mechanisms contribute to this phenomenon [152, 191]:  
1) Chemical enhancement – this is believed to increase the signal response by an order of 102 
and occurs when a charge-transfer state is created between the molecule and the metal 
substrate which in turn increases the resonate pathway. The chemical enhancement relies 
on the molecule adsorbing onto the substrate and is site specific. 
2) Electromagnetic enhancement – this enhancement; in the order of 104 and above, is heavily 
dependent on the size, shape and material of the substrate. These parameters are capable 
of increasing the localized surface plasmon resonance (LSPR) which generates a large 
electromagnetic field on the roughened surface. These fields then enhance the signal 
response of the desired molecule. 
For any signal to be produced the incident light must be perpendicular to the substrate surface and 
not all substrates are capable of producing equal SERS responses. Since visible and near-infrared 
radiation is used for the excitations (in our case a wavelength of 785 nm), metals which plasmon 
resonance frequencies fall within these wavelengths would display optimal responses. Silver and 
gold are known to be particularly active in this region, with copper also falling within the acceptable 
wavelength range[153]. 
A Perken-Elmer Raman station 200F with an excitation laser wavelength of 785 nm was used in this 
work. 
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The effects of various substrates on 
the morphology and activity of 
porous copper structures 
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3.1. Introduction 
In an effort to undertake dynamic templating of metal depositions using hydrogen gas, the 
appropriate substrate must be selected which is capable of evolving the required amount of 
hydrogen that will act as a channel forming template and a nucleation site for metal deposits while 
ensuring vigorous evolution is not attained to the extent of compromising structural integrity. Four 
substrates were investigated for such suitability: gold, copper, palladium and glassy carbon (GC).  
The hydrogen evolution exchange current densities of each substrate have to be taken into 
consideration prior to metal deposition. The role of the substrate in hydrogen evolution is to act as a 
proton carrier, transferring protons from the solution bulk to the electric double layer at the metal-
electrolyte interface[192]. As such, free electron pairs are required to allow proton attachment to 
the substrate[193] as described below[146, 147]. 
A volcano curve (Figure 14) is used to describe the hydrogen exchange currents of particular metals, 
which is comprised of a logarithmic plot of the exchange current density, i0, versus the respective 
metal-hydrogen bond strength[194]. The metal-hydrogen bond strength is an important factor to 
consider when using certain metals for the evolution of hydrogen. With increasing metal-hydrogen 
bond strength, the adsorbed hydrogen will not be easily removed off the metal surface and 
therefore will either slow the reaction down or hinder active sites form further hydrogen adsorption. 
H+ (aq) + M + e        M-Had 
Followed by either recombination: 
(Volmer-Tafel pathway) 
M-Had + M-Had        2M + H2 
Or an ion-atom reaction: 
(Volmer-Heyrovsky pathway) 
M-Had + H
+ (aq) + e        M + H2  
Equation 3 Hydrogen evolution reaction mechanism 
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Low metal-hydrogen bond strengths will release the adsorbed hydrogen (if adsorption occurs) 
before the adsorbed hydrogen comes in contact with a proton or another H adatom and therefore 
H2 gas will not be produced at a high rate. The optimal parameter is for a metal to have an average 
metal-hydrogen bond strength which allows for H2 production, while also being able to freely release 
any adsorbed hydrogen at a quick rate. From the volcano curve (Figure 14), it can be seen that of the 
selected substrates mentioned above, the efficacy for hydrogen evolution from highest to lowest is 
Pd > Cu > Au > GC (GC reference [195]). The exchange currents for these substrates; the rate of 
hydrogen evolution per surface area at a defined electrode potential, can be determined from Figure 
14; by taking the reciprocal of the log values (-3, -5.37, -6.6 and -8.5) which gives 1 x 10-3, 4.3 x 10-6, 
2.5 x 10 -7 and 3.2 x 10-9 A cm-2 for Pd, Cu, Au and GC respectively [148, 195-197].  
Figure 14. Measured exchange currents for hydrogen evolution vs. calculated hydrogen chemisorption energy per 
atom (top) and kinetic model plotted as a function of free energy for hydrogen adsorption[196] 
This reaction is structure-sensitive with experiments showing that an increase in atomic density at 
the surface had a beneficial influence on the rate of hydrogen evolution. It was shown that Au(111) 
had increased evolution rates compared to Au(110) and Au(100)[197].  
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From the noticeable differences between the substrates regarding hydrogen evolution, the 
deposited Cu structures are expected to vary. With such a large hydrogen evolution rate for Pd, the 
rapid and vigorous evolution of hydrogen gas is expected to interfere with the metallic deposition in 
a way that no stable, free standing structure will be formed. The opposite expectation is inferred for 
the Au substrate; as the hydrogen evolution rate for Au is low, a stable structure is feasible but 
vertical growth may be limited. It has also been reported in the literature that the Cu electrode can 
provide a well-balanced deposition rate together with suitable evolution conditions[39]. The initial 
layering of metal deposit should have small pore sizes which increase as multi-layered metal is 
formed[39]. The size increase would be caused by the coalescence of the hydrogen gas as it escapes, 
with limited force as to not destabilise the multi-layered structures. The GC substrate should have 
limited pore creating capabilities due to inhibited hydrogen evolution.  
In this chapter, the impact of the initial formation of a Cu layer on these substrates is investigated to 
see what role it plays in porous Cu formation. It has previously been shown that large differences 
exist between smooth and rough (nodular) substrates[198] in regards to the deposition of metallic 
Cu films. Rough substrates decrease hydrogen bubble coalescence and therefore increase porosity 
while also promoting structural interlocking between substrate and sample. Three of the four 
selected substrates (Au, Pd and GC) have smooth surfaces while Cu has a relatively rougher surface 
in comparison. The smooth surface would be expected to show larger pore sizes, less porosity and 
poor surface adhesion, however, the hydrogen evolution potentials for each substrate differs and 
therefore different quantities of hydrogen will be evolved per substrate which could counteract the 
smoothness of the substrate. 
3.2. Experimental 
See chapter 2 for details on materials and instrumentation used and catalysis sample preparation. 
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3.2.1. Fabrication of porous Cu 
Porous structures were deposited via a galvanostatic method by applying a cathodic current density 
of 3 A cm-2 for deposition times of 15 s on various working electrodes; Pd, Cu, Au and GC with an 
exposed diameter of 3 mm. The current density of 3 A cm-2 was selected as it has been well 
established in literature to promote porous Cu dendritic structures [39, 198-201] and is shown to be 
an optimal deposition current which promotes enough hydrogen to form well channelled pores but 
is not vigorous to the extent of destroying any deposited metallic structure[39, 200].  The plating 
bath contained 0.4 M CuSO4 in 1.5 M H2SO4; the formation of a porous interconnected honeycomb 
structure is dependent on both the rate of hydrogen evolution from the surface and the rate of 
metal electrodeposition. Copper concentration of 0.4 M was selected as it is the upper limit of 
successful 3D porous Cu deposition concentrations[84], so that the deposits were mechanically 
stable due to an increase in metal deposition over lower concentrations. 
3.3. Results and discussion 
The evolution of hydrogen gas on the surface of the electrode acts as a template around which the 
deposited metals forms, as excess hydrogen is evolved from the surface it escapes leaving behind 
large pores within a metal film[39]. As the metal film grows in thickness off the substrate surface, 
hydrogen forms channels and coalesces to form larger gas bubbles and therefore larger pores on the 
surface. As deposition time is increased, multi-layered structures are formed which force hydrogen 
gas to coalesce and form larger pore sizes. 
The deposition of Cu was successful on all substrates except GC due to the poor adherence to the 
substrate surface. The evolution of hydrogen gas visibly dislodged the deposited metal sample from 
the GC substrate leaving trace amounts of Cu visibly attached to the substrate. The collected 
material from the deposition bath was used for XRD analysis and SEM imaging; however it was not 
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used for any further applications such as catalysis due to irreproducibility of the amount of material 
generated.  
3.3.1. Structural characterization  
As can be seen in Figure 15 the Cu substrate produced the most defined and multi-layered structures 
with even pore size distribution of 63.22 µm (Table 2), these pore sizes grow larger as extra layers 
are formed on top of the foundation; the increasing pore sizes are evidence of hydrogen gas 
escaping to the surface and coalescing together to form larger gas bubbles around which the metal 
deposit is formed, thereby creating larger pores. The internal wall structure was heavily populated 
with dendrites (Figure 18) as seen previously[199] due to diffusion limited aggregated growth (DLA). 
The DLA growth is influenced by the quantity of escaping hydrogen gas from the substrate surface; 
as more gas is evolved, an increase in solution turbulence above the substrate is witnessed in turn 
mixing the solution. This mixing forces a diffusion layer to form where metal deposition is impeded 
by the escaping hydrogen gas and will be discussed later. The dendrites are seen to have tips that 
are within the nanometer range and evenly distributed throughout the structure (Figure 16).  
In respect to the Pd substrate, the large production of H2 gas creates a turbulent and violent 
hydrodynamic condition at the substrate surface where metal deposit is incapable of forming a 
structurally stable layer, owing to this, subsequent layers were unable to be formed and well defined 
pores were hard to distinguish. The internal wall structure (Figure 16) was littered with globular 
structures with a size range between 1 to 3 µm, amongst plate-like flowers.  
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Figure 15 SEM images of Cu electrodeposited from 0.4 M CuSO4 in 1.5 M H2SO4 at with a constant current of 3 A 
cm-2 for 15 s on A) Cu, B) Pd, C) Au and D) GC substrates 
Using a gold substrate however, created the smallest pore size of 18.2 µm possibly due to its lower 
hydrogen evolution potential compared to Cu and Pd, therefore evolving smaller quantities of 
hydrogen from the substrate surface. The lack of hydrogen gas evolution means that coalescence of 
bubbles will be kept at a minimum (relative to Cu and Pd) and the escaping size will not increase as 
drastically as Cu or Pd so that metal deposits form smaller pores. As less hydrogen gas is produced, 
more volume is available for the incoming Cu to form denser structures and therefore a multi-
layered morphology is not as defined as the Cu substrate. The internal wall structure appears to be a 
mixture of large cubic structures, with an average size of 2µm, with a cluttered surface coverage of 
smaller cubic structures within the nanometer range (Figure 16), which also contribute to the denser 
packing of the overall structure.  
A 
C D 
B 
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Glassy carbon SEM images (Figure 15) indicate that copper is deposited in large sheet like clusters 
and powdered like granules sparingly over the substrate surface. There are large areas of the 
substrate showing no signs of Cu deposit. Copper displays poor adherence to the GC surface and is 
easily removed with the slightest amount of H2 gas evolution. The wall structure of the granules is a 
continuous globular structure that is much larger in size than that seen on other substrates (Figure 
16). 
The overall structure for the Cu deposition can be attributed to DLA growth where the diffusion of 
new metal to the surface is heavily impeded by the vigorous hydrogen evolution from the 
substrate[202]. There is a direct correlation between the hydrogen evolution efficacy of a substrate 
and the DLA growth of the deposit. As was seen in the case of the Pd substrate, the diffusion of 
metal to the surface is heavily limited compared to other substrates, as large amounts of hydrogen is 
escaping and inhibiting the approach of Pd2+ ions to the surface and limits the quantity of metal 
available to form the final structure. This limitation also has an influence of the internal wall 
structure observed between substrates. The increase in turbulence has an impact on the generation 
of new nucleation sites as continuous metallic growth is disrupted. The generation of random 
nucleation sites (depending on the metal diffusion to the surface)  in the case of Pd would be very 
minute since the metal has the lowest probability of reaching the surface compared to other 
substrates, owing to this the internal wall structure will be less capable of forming dendritic 
structures  as continuous metallic growth is significantly disrupted. The Cu substrate is capable of 
producing relative equilibrium between constant metal deposition and hydrogen evolution so that 
new nucleation sites are sporadic but not overly available and branch growth is encouraged so that 
dendrites are formed. In the case of Au, the relatively slower evolution of hydrogen allows metal 
deposition to occur at a quicker rate and nucleation sites become more abundant so that branches 
grow equally in all direction forming granules. The lack of Cu structure on GC is attributed to the 
removal of newly deposited Cu by the evolution of hydrogen gas due to poor adhesion between 
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sample and substrate due to the immiscibility of Cu and C (0.02 at.%) and lack of chemical 
binding[203].  
Substrate Average pore size – 15 s 
deposition (µm) 
Average pore size – 30 s 
deposition (µm) 
Cu 63.22 72.84 
Au 18.2 62.58 
Pd 28.4 NA 
GC NA NA 
Table 2 Pore size comparison between Cu depositions on various substrates 
It was shown that at long deposition times, the deposited structures were independent of the 
substrate and governed by the initially formed seed layer[204]. From Figure 17 it can be seen that an 
increase in deposition time to 30 s had an effect on pore sizes (Table 2) for Cu and Au substrates. 
The pore sizes grew slightly on the Cu substrate (72.84 µm), with a much larger growth noticeable on 
Figure 16 SEM images of Cu electrodeposited from 0.4 M CuSO4 in 1.5M H2SO4 at with a constant current of 3 
A cm-2 for 15 s on A) Cu, B) Pd, C) Au and D) GC substrates 
A B 
C D 
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the Au substrate (62.58 µm) when compared to the 15 s samples. The Au substrate also shows signs 
of fracturing in the inner wall connectivity. The Pd substrate appears to have completely collapsed in 
on itself due to the excess H2 gas evolution and GC displayed less Cu deposition due to the poor 
adhesion of Cu to the surface, with only large deposited structures being witnessed. Once the base 
foundation of Cu is deposited on a substrate, the influence of the substrate ceased to play a direct 
role on any new metal layer deposition. The newly deposited Cu foundation became the new 
substrate for succeeding metal deposition and directly influences the hydrogen evolution rates. In 
the case of the Cu substrate, the sample deposited for 15 s had a well-defined, porous multi-layered 
structure. Upon increasing the deposition time passed 15 s, the newly deposited Cu structure will 
follow the template implemented by initial Cu deposit. As can be seen when comparing Figure 15A 
with Figure 17A, the 30 s sample followed the template created by the 15 s sample with larger pore 
sizes due to larger hydrogen bubbles, this was due to coalescence of the bubble. A similar trend was 
seen in the case of the Au substrate, where the base Cu deposit at 15 s then became the new 
template which determined the morphology of the 30 s samples. A comparison between Figure 15C 
and Figure 17C shows that the template of the 15 s sample was followed with adjustment for larger 
hydrogen coalescence. In the case of the Pd and GC substrates, due to the poorly defined structure 
after 15 s of deposition (Figure 15B and D respectively), the samples deposited for 30 s had no stable 
template to follow and therefore produced poorly defined structure (Figure 17B and D respectively). 
The effect of time on the deposition of metals will be discussed further in the next chapters. 
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Figure 17 SEM images of Cu electrodeposited from 0.4 M CuSO4 in 1.5M H2SO4 at with a constant current of 3 A 
cm-2 for 30 s on A) Cu, B) Pd, C) Au and D) GC substrates 
 X-ray diffraction data displayed interesting variations of the copper deposit between substrates 
(Figure 18), with a cupric oxide (CuO) peak being produced only by the GC surface and cuprous oxide 
(Cu2O) only being found on the Cu substrate whereas both Pd and Au displayed only metallic copper 
peaks. The turbulent nature of the metallic deposition disrupts continues growth of the metallic 
deposition promoting new nuclei formations to form newly oriented tips and therefore a 
polycrystalline structure as is seen with XRD[84]. The presence of copper oxide on the Cu and GC 
substrate could be due to their highly dendritic nature promoting more facile oxide formation. 
A B 
C D 
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Figure 18 XRD pattern of Cu electrodeposited from 0.4 M Cu2SO4 and 1.5 M H2SO4 on various substrates 
 
3.3.2. Catalytic activity 
Surface active sites were investigated with cyclic voltammetry of the samples in 1 M NaOH. The 
voltammograms are displayed in Figure 19. During the anodic oxidation of Cu, various peaks are 
noticed due to differing Cu species being formed. Peaks 1a to 1c in Figure 19 are attributed to the 
oxidation of the surface active sites to hydrated oxide species[205]. Peak 2 is formed by the 
oxidation of Cu to Cu2O and the further increase in current towards the end of the sweep is due to 
the formation of CuO and Cu(OH)2 [206-208]. It should be noted that little active site behavior is 
seen on Cu foil (Cu blank) 
In the cathodic sweep, peak 3 is indicative of the partial reduction of CuO to Cu2O which forms a 
layer atop of the CuO; with further reduction into a negative potential, peaks 4a and b, Cu2O is 
reduced to Cu exposing CuO which is easily reduced to Cu together with Cu(OH)2[208]. The activity of 
these surfaces should show promise in various catalytic activity. 
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Figure 19 CVs of deposited Cu samples on various substrates in 1 M NaOH at a scan rate of 50 mV s-1 
 
 A typical method for determining the surface area of a sample is the underpotential deposition 
potential (UPD). The charge associated with the adsorption and desorption of certain surface species 
(such as hydrogen[209], copper[210], thallium[211], etc.) indicated the number of surface atoms and 
therefore the surface area. Surface area measurements were conducted using the UPD method with 
thallium, however due to the high activity of the porous materials, the HER region overlapped with 
that of the UPD of thallium and therefore this approach was not viable. Due to this, the surface area 
was determined by integrating the peaks in Figure 19 between -0.5 and -0.25 V in the positive sweep 
(peak 2). This charge was related to the geometric surface area of the Cu blank substrate as it has a 
known value. The charge calculations from the all the other samples were then normalised to the Cu 
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blank reference and the relative surface areas were calculated. All catalytic data presented below 
has been normalized for surface area, so that active site influence can be investigated. 
3.3.2.1. Ferricyanide reduction 
The reduction of ferricyanide (FCN) by thiosulphate was monitored by UV-vis. spectroscopy. The 
absorbance peak of FCN is located at 420 nm and gradually decreases with the addition of the 
catalysts as described in the introduction. The highest catalytic activity of the Cu samples was 
witnessed for Cu deposition on the Pd substrate with a reaction rate of 5.28 x 10-4 s-1 cm-2, followed 
by Cu (4.25 x 10-4 s-1 cm-2) and Au (1.66 x 10-4 s-1 cm-2) (Table 3). The kinetics of the reaction are 
shown in Figure 21 for both samples and blank substrates by plotting ln(At/A0) vs time with the slope 
of the lines being the reaction rate for the catalyst (Table 3).   
Substrate Reaction rate (Sample) (s-1 cm-2) Reaction rate (Blank) (s-1 cm-2) 
Pd 5.28E-04 8.39E-05 
Cu 4.25E-04 1.22E-03 
Au 1.66E-04 5.95E-05 
Table 3 Catalytic reaction rates  
 
Figure 20 Comparison of reaction rates between blank substrates and Cu samples on specific substrate 
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Figure 21 Reduction of ferricyanide of Cu samples on various substrates (Ag/AgCl (aqueous 3 M KCl) reference 
electrode with an inert graphite rod as a counter electrode) 
The reduction of FCN is a surface controlled reaction [141, 142] and the pathway has been discussed 
in chapter 1.4.3. The reaction is reliant on surface area; however, due to the normalisation in 
regards to surface area of the samples and substrates, this reaction will display the influence of 
active sites on the reduction of FCN.  
The bare Cu substrate had the highest activity of all substrates at 1.22 x 10-3 s-1 cm-2 with Au showing 
the lowest activity of 5.95 x 10-5 s-1 cm-2. The activity of the bare Cu substrate was extremely high 
compared to the other substrates and even showed better activity when compared to samples on 
other substrates. 
The Pd substrate displayed the highest activity and largest increase in activity between the blank 
substrate and post deposition towards FCN reduction. This was achieved even though the overall 
structure was not as well defined as the Cu or Au samples (Figure 17). This lack of structure was 
superseded by the quantity of active sites produced on this substrate. From Figure 19, it can be seen 
that the Pd substrate had the largest quantity of active sites on the surface of the Cu deposit which 
can be seen by the magnitude of the active site oxidation peaks in peaks Figure 19 1a to 1c.  
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The Cu substrate was capable of outperforming the Au substrate; however, the increase between 
the blank substrate and deposited sample was not to the extent witnessed in the case of Au. The 
prolific dendritic surface of the Cu samples on the Cu substrate did not seem to have such a drastic 
effect on the reduction of FCN compared to the surface active sites; as would be expected, as active 
sites would determine the activity of samples. However, the poor performance of the porous Cu 
sample is primarily due to the formation of Cu2O on the surface (Figure 18) which; as a semi-
conductor, would inhibit this reaction.  
The active sites present on the surface of the substrate determined the capability of the material to 
reduce FCN. It is interesting to note that such a large difference in active sites is present at such a 
distance from the substrate where no electronic influences take place. The difference between the 
substrate surfaces (other than their hydrogen evolution rates) could cause such variations in metal 
Figure 22 Catalytic reduction of 1 x 10-3 M K3Fe(CN)6 using 0.1 M Na2S2O3 by porous Cu deposited on a) 
Pd, b) Cu and c) Au substrates 
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deposit. The Au and Pd substrates have a smooth surface as opposed to the Cu substrate. The 
smoothness or roughness of these substrates would also influence the nucleation sites of the Cu 
metal deposit together with the rate of hydrogen evolution leading to a variation in active sites. It 
would appear that smooth substrates promote the formation of active sites. 
3.3.2.2. Hydrogen evolution reaction (HER) 
The catalytic activity towards the HER was also investigated for the various substrates, with linear 
sweep voltammograms being recorded in 1 M H2SO4 which was degassed with N2 prior to testing. An 
increase in current response can be seen in all cases (Figure 23) compared to the equivalent control 
substrate. The onset potential of the HER varies between substrates with Pd exhibiting the earliest 
onset followed by Au and Cu as expected from the exchange current densities mentioned in chapter 
3.1. 
 
Figure 23 Linear-sweep voltammograms in 1 M H2SO4 of A) blank substrates and B) Cu samples on substrates (1 – 
Cu, 2 – Cu and 3 – Pd substrate) 
From Figure 23 activity between the deposited Cu and the blank substrates can be seen. The 
increased catalytic rates are an indication that the active sites have an influence on the HER between 
these samples. The samples were able to improve the equivalent onset potentials of the substrates 
with a positive shift in the HER displayed in all cases except Pd where the Cu sample shifted the 
potential negatively due to Cu being a poorer electro-catalyst towards this reaction (Figure 23). The 
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underlying substrate is expected to be completely covered by Cu and therefore it is expected that 
the active sites play the largest role in this electro-catalytic process. 
Palladium exhibited the largest activity towards the HER due to the inherent activity of Pd for this 
reaction (Figure 23 A3). For Cu deposited on Pd the highest activity amongst the porous Cu samples 
was observed due to the large quantity of active sites seen on the sample surface (Figure 19). The 
addition of Cu covered the Pd substrate and therefore was solely responsible for the activity towards 
the HER. The increase in active sites promoted the HER, however, the HER onset potential was 
shifted towards a more negative value. 
Deposited Cu on the gold substrate displayed the second highest increase followed by the Cu sample 
on the Cu substrate. The active sites were once again the main cause behind such activity with Au 
substrate displaying larger quantities of active sites than the Cu substrate. In addition, the formation 
of a surface oxide on the deposited Cu on the Cu substrate (Figure 18) also suppressed the HER. 
3.4. Conclusion 
It has been shown that the substrate plays an instrumental role in the shape control of the 
structures, crystal plane orientation and also has an indirect influence on the catalytic activity due to 
the creation of various active sites on the surface of the sample. The influence of the substrate on 
the active sites on the surface of a deposited material is an interesting find. These sites have a large 
role to play towards the catalytic activity of the samples, without the influence of the underlying 
substrate. Interestingly, CuO and Cu2O were formed on GC and Cu respectively; these oxides were 
formed simplistically via standard electrodeposition means without the need of high temperatures, 
post sample heat treatment or other chemical means.  
Of the various substrates tested for the formation of porous metallic structures, Cu displayed the 
highest resilience in being able to create a highly porous, multi-layered structure with a large 
dendritic surface area which displayed a relatively active catalytic surface towards FCN reduction 
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and the HER. Due to the simplicity of obtaining Cu foil as a substrate compared to the price and 
production methods for Pd, Au and GC surfaces; Cu has been selected as the standard substrate for 
investigation of the formation of bimetallic porous surfaces. 
 
 
 
 
 
 
 
 
 
 
 
 
81 
 
Bimetallic Cu/Pd porous structures 
and their applications in catalysis and 
sensing 
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4.1. Introduction 
Bimetallic systems consisting of Cu and Pd have been investigated thoroughly for the effects that 
such a combination would have on the electrical, optical, chemical and morphological properties of 
the final structure [212-214]. These two metals are of interest due to their unique properties; Cu for 
example has excellent electrical[215] and thermal[216] properties, while also being relatively 
abundant and economically viable. Palladium, on the other hand, is a relatively rare metal and is 
significantly more expensive than Cu but does provide excellent catalytic activity towards many 
reactions such as methane oxidation[217], hydrogen evolution[218], Suziki coupling reaction [219, 
220], etc. 
The combination of these two metals has shown promise in retaining beneficial properties from 
both metals while also promoting certain reactions such as hydrogen storage[221], CO 
oxidation[222], oxygen reduction catalysis[223], hydrogen transport[224], corrosion resistance[225], 
and catalytic destruction of nitrates[226] and alkyl halides[227]. Fabrication of such materials 
include galvanic replacement of Cu with Pd[228], high energy ball milling[229], co-electrodeposition 
from aqueous solutions[230], etc. Another benefit is retaining, if not improving certain catalytic 
reactions while reducing the amount of expensive metals due to synergistic effects within bimetallic 
structures. 
These bimetallic structures have shown promise in the area of nitrate reduction and in particular the 
reduction of 4-nitrophenol (NP)[231]. Bimetallic Pd-M (M-Ag, Au, Cu, Ni and Pt) colloids were 
fabricated via γ-irradiation and tested towards their catalytic activity for the reduction of NP. It was 
shown that Pd-Cu displayed the highest catalytic activity compared to the other bimetallic 
combinations[231]. These materials also showed promise in the hydrogen evolution reaction 
conducted by density functional theory (DFT) computational methods[151]. 
With an additional parameter of shape control, these bimetallic structures can be exploited further 
for various catalytic applications with an increased surface area to compliment the beneficial 
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electrical and morphological properties. The templating method to form open pores within the 
structure has been discussed previously and will be mentioned below.  
In this chapter, the fabrication of copper-palladium, multi-layered, porous structures are reported 
with varying metal concentrations. These materials were characterized using SEM, XPS, XRD and AAS 
and then applied to various catalytic reactions and SERS based sensing. The catalytic reactions 
investigated included the reduction of 4-nitrophenol to 4-aminophenol and ferricyanide to 
ferrocyanide, the electrocatalytic hydrogen evolution reaction and these surfaces were also 
investigated towards their effect in detecting rhodamine B with SERS. 
4.2. Experimental 
See Chapter 2 for details on materials and instrumentation used and catalysis sample preparation. 
4.2.1. Bimetallic fabrication 
Porous bimetallic structures were deposited via a galvanostatic method by applying a cathodic 
current density of 3 A cm-2 for varying deposition times between 5 and 60 s on a copper working 
electrode. The plating bath contained both metal salts at varying concentrations in 1.5 M H2SO4. Two 
systems were investigated; system 1 (Cu/Pd): containing a higher, but constant concentration of 0.4 
M CuSO4 with varying Pd(NO3)2 concentrations of 5 to 50 mM and system 2 (Pd/Cu): containing a 
higher, but constant concentration of 50 mM Pd(NO3)2 with varying CuSO4 concentrations of 0.625 
to 6.25 mM (Table 4). These concentrations were selected so that the ratio of metal to metal 
remains constant between both systems. A constant concentration of 50 mM of Pd(NO3)2 was used 
in system 2 due to the low solubility of this salt in acidic medium and to investigate the catalytic 
efficacy of low metal concentration for more cost effective catalysts.  
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System 1 - Constant 0.4M CuSO4 System 2 - Constant 50 mM 
Pd(NO3)2 
Sample Pd(NO3)2 conc. (mM) Sample CuSO4 conc. (mM) 
C0 0 P0 0 
C1 5 P1 0.625 
C2 10 P2 1.25 
C3 20 P3 2.5 
C4 50 P4 6.25 
Table 4 Concentration of metal salts using in the plating bath 
4.3. Results and discussion 
4.3.1. Determination of optimal deposition parameters 
The effects of a variety of parameters were investigated during the fabrication of the bimetallic 
structures. The three major parameters explored were current density, deposition time and metal 
concentrations (depositions conducted on a Cu substrate unless otherwise stipulated).  
A constant current of 3 A cm-2 (refer to chapter 3) has been previously shown to produce highly 
porous monometallic copper structures. This current was selected as the starting point for the 
deposition of bimetallic porous structures followed by the investigation of lower current densities of 
1 A cm-2 and 0.5 A cm-2. The deposition time and metal concentrations were kept constant at 5 s, 0.4 
M CuSO4 and 10 mM Pd(NO3)2 respectively. The SEM images of the resultant porous structures can 
be seen in Figure 24; it can be seen that a decrease in current density had a drastic impact on the 
porous structure formation.  
A B C 
Figure 24 SEM images of porous CuPd deposited from 0.4M CuSO4 and 10mM Pd(NO3)2 in 1.5M H2SO4 for 5 s with a 
constant current of A) 3A cm-2, B) 1 A cm-2 and C) 0.5 A cm-2 
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With a decrease in current, the hydrogen evolution also decreased and eventually reaches a point 
where no hydrogen was evolved from the substrate and metal deposition decreased to where only 
dendritic islands were randomly deposited onto the substrate. With these results in mind a current 
density of 3 A cm-2 was selected through-out the work presented in this thesis. 
 
The next parameter that was varied was deposition time; the initial deposition time selected was 5 s 
which was then further increased to 10, 15 and 30 s. Figure 25 shows SEM images of the various 
structures obtained at these deposition times and it can be seen that with an increase in deposition 
time larger pores are formed as the surface grows out from the substrate. The reason behind the 
increase in pore sizes, is that evolved hydrogen gas from deeper within the structure coalesces 
together to form larger gas bubbles over which metal deposition occurs resulting in larger pores. As 
A B 
C D 
Figure 25 SEM images of porous CuPd deposited from 0.4M CuSO4 and 10 mM Pd(NO3)2 in 1.5M H2SO4 at a 
constant current of 3 A cm-2 for a deposition time of A) 5, B) 10, C) 15 and D) 30 s 
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the deposition time was increased higher than 15 s, the increased pore size resulted in poor 
interconnectivity and poor structural integrity and therefore these structures collapsed exposing the 
smaller pores. Due to this, the optimal deposition time was selected as 15 s through-out the work 
presented here as this time creates well formed, multi-layered structures.  
The effects of the total metal ion concentration in the electrolyte on the formation of porous 
structures was studied by lowering the concentration of the primary metal (CuSO4) in the bath, while 
maintaining a deposition time of 15 s, a constant current density of 3 A cm-2 and a constant Pd(NO3)2 
concentration of 10 mM. Decreasing CuSO4 concentrations from 0.4 M down to 0.2 and 0.1 M can be 
seen in SEM images in Figure 26. The decrease in concentration reduced the volume of the overall 
structure with less interconnectivity in the main wall structure however; the porous structure was 
still maintained throughout the deposition. With these results it was established that 0.4 M CuSO4 
was the optimum concentration of copper within the systems. The influences seen by the variation 
of the metal salt have also been witnessed previously[199]. 
 
From the above investigations, the optimal parameters for the formation of porous structures were 
a current density of 3 A cm-2 for 15 s deposition time in an electrolyte consisting of 0.4 M CuSO4 and 
1.5 M H2SO4. 
A B C 
Figure 26 SEM images of porous CuPd deposited from 10mM Pd(NO3)2 for 15 s at a constant current density of 3 A cm
-2 in 
1.5 M H2SO4 and A) 0.4, B) 0.2 and C) 0.1 M CuSO4 
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4.3.2. Metal salt concentration variations 
4.3.2.1. System 1 (Cu/Pd): Variation in concentration of Pd metal salt 
SEM images of bimetallic Cu and Pd porous structures for system 1 can be seen in Figure 27. The 
inclusion of palladium to copper decreases pore sizes, interconnectivity and layering. The decrease 
in pore size is attributed to the larger quantities of hydrogen gas produced by the addition of Pd as it 
has a higher affinity for hydrogen evolution than Cu[196]. With increases in Pd concentration, the 
layering of the metal structure was reduced due to the increase in hydrogen evolution; promoted by 
the Pd metal. As the structure could not withstand a multi-layered configuration, hydrogen was 
capable of escaping the inner structure easily (due to the lack of metal layers) and was not forced to 
coalesce by surrounding walls. The lack of constraint on the escaping hydrogen meant that smaller 
gas bubbles were able to escape leaving smaller pore sizes behind. Large pore sizes have previously 
been reported with dendritic structures (such as C0); these dendrites coalesce the hydrogen bubbles 
which then form larger pore sizes[232]. The adhesion to the substrate was compromised with the 
increase of the secondary metal due to the vigorous gas formation from the substrate surface; 
sample C4 produced such a vast amount of hydrogen that the film detached from the surface of the 
substrate as can be seen in Figure 27E. Pore sizes decreased from the initial 63.22 to 28.4 µm (Table 
5), however there was a slight increase in pore size with the inclusion of 50mM Pd(NO3)2. This could 
be due to increased gas coalescence as hydrogen escapes from both the substrate and the structural 
wall.  
System 1 - Constant 0.4M CuSO4 System 2 - Constant 50 mM 
Pd(NO3)2 
Sample Average pore size 
(µm) 
Sample Average pore size 
(µm) 
C0 63.22 P0 18.99 
C1 32.98 P1 18.48 
C2 19.1 P2 18.34 
C3 13.63 P3 18.84 
C4 28.4 P4 20.27 
Table 5 Average pore sizes for system 1 and 2 
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High resolution SEM images are shown in Figure 28 displaying the changes in the wall structure with 
an increasing concentration of Pd. The dendritic structure is less favoured and a globular/ cube like 
structure formation is seen. The dendritic structure is formed when hydrogen evolution at the point 
of deposition creates highly non-equilibrium conditions leading to diffusion limited aggregated (DLA) 
growth which limits the deposition of a metal on the substrate surface[202, 233]. Notably, with the 
addition of Pd; a highly active metal for hydrogen evolution, its deposition rate is also increased, 
which allows the filling of the internal walls that inhibits the formation of dendritic structures. This 
can be seen in Figure 29 from the change in current magnitude over the potential range of 0.1 to -
0.5 V, with a noticeable increase from sample C0 (black) to C4 (red) indicating enhanced metal 
deposition. The morphology of the samples transforms from dendritic branches (C0) to globular 
A B 
C D 
E 
Figure 27 SEM images of porous CuPd deposited from 0.4 M CuSO4 in 1.5M H2SO4 with a constant current of 3 A 
cm-2 for 15 s with A) 0, B) 5, C) 10, D) 20 and E) 50 mM Pd(NO3)2 
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branches ranging from 0.7 to 1.5 µm in size. This drastic change appears to be a hybrid structure 
between dendrites and globules witnessed with only a 5 mM addition of Pd. Further increases in Pd 
concentration create globular structures, with a total suppression of dendritic formation. 
 
 
Figure 29 Linear sweep voltammograms recorded at a sweep rate of 50 mV s-1 in 1.5 M H2SO4 of sample C0 (black) 
and C3 (red). 
 
A B 
C D 
E 
Figure 28 SEM images of porous CuPd deposited from 0.4 M CuSO4 in 1.5M H2SO4 with a 
constant current of 3 A cm-2 for 15 s with A) 0, B) 5, C) 10, D) 20 and E) 50 mM Pd(NO3)2 
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4.3.2.2. System 2 (Pd/Cu): Variations in Cu metal concentration 
On the other hand, when Cu is introduced as a second metal during the deposition of Pd, such large 
variations in any structural parameters such as pore sizes, interconnectivity or formation of multi-
layers is not seen (Figure 30). Uniformity is kept through-out the whole system which is carried 
through to the internal wall structure (Figure 31). The pore sizes remain relatively similar at approx. 
18 µm (Table 5) which could be due to the relatively high concentration of Pd loading within the 
samples which will be discussed below. Due to such a high loading of palladium, the rate of 
hydrogen evolution would remain relatively equal between samples forming similar structures as Pd 
supersedes Cu in effectiveness towards hydrogen evolution. 
 
A B 
C D 
E 
Figure 30 SEM images of 50 mM Pd(NO3)2 in 1.5 M H2SO4 deposited with a constant current of 3 A cm
-2 for 
15 s with A) 0, B) 0.625, C) 1.25, D) 2.5 and E) 6.25 mM CuSO4 
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4.3.3. Surface and bulk characterization 
Powder XRD profiles of these materials can be seen in Figure 32, showing diffraction peaks belonging 
to metallic Cu(111) at 43.4˚ and Cu(200) at 50.5˚ together with CuO(111) at 36.7˚. System 1 did not 
show any descriptive planes corresponding to metallic Pd and XRD peaks were dominated by 
metallic copper and trace amounts of cupric oxide on sample C0 presumably from air oxidation. The 
relatively low peak intensities compared to metallic Cu peaks witnessed in the XRD for samples C1 to 
C4 indicates that cupric oxide formation is insignificant. Alloy formation was not witnessed (also 
confirmed with XPS) as only distinct metal and metal oxide peaks were displayed, with only minor Cu 
peak shifts which were due to strain caused by the inclusion of a secondary metal; it should be noted 
A B 
C D 
E 
Figure 31 SEM images of 50 mM Pd(NO3)2 in 1.5 M H2SO4 deposited with a constant current of 3 A cm
-2 for 
15 s with A) 0, B) 0.625, C) 1.25, D) 2.5 and E) 6.25 mM CuSO4 
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that Cu/Pd alloys have been shown to have more significant diffraction peak shifts between Cu and 
Pd[234]. System 2 displayed a decrease in grain size and therefore a decrease in the interplanar 
spacing within the lattice (Table 6). As more Cu was added to the deposition bath, lattice strains 
[235] were caused in the material which is noticed by the slight shift in peaks for samples P3 and P4. 
Alloy formation was not witnessed in XPS which will be discussed later. 
 
Figure 32 XRD pattern of system 1 (left) and system 2 (right) 
The grain size and interplanar spacing’s were estimated using the Sherrer and Bragg’s equations 
from the Cu(111) and Pd(111) XRD data. System 2 displayed relatively equal peak heights for both 
cuprous oxide and metallic Pd, the broadness of the Pd peaks implied small Pd grain sizes which is 
shown in Table 6. The inclusion of Cu seemed to mainly influence the grain sizes of the system. Due 
to the lack of Pd peaks in the XRD spectra of system 1, grain size information could not be obtained, 
however the presence of Pd in this system was confirmed with both XPS and AAS which is discussed 
later. 
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Sample
s 
Grain size Pd 
(nm) 
Grain size Cu 
(nm) 
Interplanar spacing Pd 
(A) 
Interplanar spacing Cu 
(A) 
C0 - 29.25 - 2.07 
C1 - 28.51 - 2.07 
C2 - 26.81 - 2.08 
C3 - 19.03 - 2.07 
C4 - 11.89 - 2.07 
P0 11.30 25.67 2.23 2.07 
P1 11.73 25.38 2.23 2.08 
P2 11.30 30.32 2.22 2.07 
P3 10.89 36.24 2.21 2.07 
P4 10.74 19.04 2.20 2.05 
Table 6 Grain size and interplanar spacing’s of system 1 and 2 
The inhibition of oxide formation is witnessed with minute additions of Pd in system 1. This is likely 
to be caused by Pd0 easily activating hydrogen which is then transferred to the copper oxide which is 
reduced[236]. 
The relative metal concentrations in each system were determined with XPS and AAS for surface and 
bulk ratios respectively (Table 7). The surface Pd concentration in system 1 increased incrementally 
with the exception of C3 which displayed lower surface Pd than expected. The bulk concentrations 
(calculated as molar ratios) showed a constant increase of approx. double the amount of Pd per 
sample. System 2, on the other hand, did not display such consistent concentration variations as 
system 1, with almost sporadic variations. It is interesting to note that sample P0 had an extremely 
large amount of Cu present on both the surface and bulk even though no Cu was present in the 
plating bath. 
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System 1 System 2 
  Surface Metal mol % Bulk Metal mol %  Surface Metal mol % Bulk Meta moll % 
  Cu Pd Cu Pd   Cu Pd Cu Pd 
C0 100.00 0.00 100 0 P0 58.77 41.28 55.93 44.07 
C1 95.77 4.24 98.97 1.03 P1 63.04 37.01 49.61 50.39 
C2 91.89 8.12 97.69 2.31 P2 81.66 18.37 77.84 22.16 
C3 95.35 4.66 95.68 4.32 P3 61.31 38.74 56.35 43.65 
C4 71.27 28.77 90.84 9.16 P4 77.53 22.51 54.23 45.77 
Table 7 Surface and bulk relative metal concentrations 
 
 
Figure 33 Surface and bulk relative metal concentrations 
  
The reasoning behind the large concentrations of Cu within the Pd samples is the electrodissolution 
of Cu at the surface which follows the following mechanism [237, 238]: 
 
Equation 4 Mechanism for Cu dissolution in 1 M H2SO4 
The occurrence of two faradaic loops has previously been reported in electrochemical analysis of Cu 
dissolution; these loops were caused by the relaxation of two Cu species at the electrode surface; 
Cu(I) and Cu(II). During initial deposition of the bimetallic samples onto the Cu electrode, relatively 
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large amounts of Cu are dissolved off the Cu electrode into the solution directly above the surface. 
Interestingly it was shown that the dissolution of Cu increases with increased overpotentials in both 
anodic and cathodic scans[238]; it was shown that the dissolution of Cu is also influenced by the 
amount of hydrogen evolved from the surface, with an increase in dissolution once the hydrogen 
evolution potential was reached[239]. This dissolution of the surface seems to occur in the presence 
of a highly alkaline solution, which is possible even in acidic media at extreme cathodic potentials. 
Due to the highly negative potentials involved in the fabrication of both systems 1 and 2 (in the 
range of -2 to -3 V), together with large quantities of hydrogen evolution within this region, the 
dissolution of Cu is expected to be relevant. These high potentials create a large diffusion layer of Cu 
ions via a dissolution mechanism which perturbs the approach of Pd ions to the Cu electrode surface 
for deposition. The relatively large concentration of Cu ions within this diffusion layer will cause Cu 
to be predominantly deposited as opposed to Pd leading to large bulk and surface concentration of 
Cu. As the deposition time increases, the Cu electrode is covered with the Cu/Pd deposit thereby 
limiting dissolution of copper from the electrode; however, the deposited Cu within the sample is 
still capable of dissolving once again into the solution maintaining a Cu ion diffusion layer. This 
process is unavoidable, but can show promise in fabricating well dispersed bimetallic structures. To 
investigate this hypothesis, AAS was conducted on the deposition bath pre- and post- 
electrodeposition of sample P0. The AAS results displayed no Cu ions in the solution which suggests 
that any Cu ions that are liberated into solution are electrodeposited onto the sample. Due to the 
location of the diffusion layer; directly above the exposed Cu electrode, Pd is hindered from 
deposition and therefore the high concentration of Pd does not play a dramatic role within the 
deposition parameters in system 2. Palladium is also known to be catalytically active towards 
electroless copper deposition[226], so that it too would promote the dissolved copper to deposit 
within the sample. 
X-Ray photoelectron spectroscopy (XPS) was implemented to determine both surface metal 
concentrations and the metal species present in each sample. XPS of Cu 2p can be seen in Figure 34 
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which clearly shows metallic copper present at 932.7 eV[240]. No shift in this peak implies the lack 
of any Cu2O on the surface of the sample which is further supported by XRD data. Copper hydroxide 
is present as evidenced by the presence of a peak at 935.1 eV[240] and the satellite peaks are 
indicative of CuO surface layer formation[241]. These satellite peaks arise when a core electron is 
ejected by photoionization (XPS) which causes a change in the atomic charge. This change in charge 
causes a shake-up within the atom with an electron being excited to a higher energy level or a 
valence electron being completely ejected by the evacuated core electron.  The low CuO intensities 
on the XRD spectra were caused by the thinness of the layer on the surface. Typical binding energy 
(BE) peaks of CuO are located between Cu0 and Cu(OH)2 with an approximate. BE of 933.5 eV, which 
are not present in Figure 34  implying only trace amounts of CuO can only be seen on the surface of 
the sample[240]. 
  
Figure 34 XPS of system 1 Cu 2p1/2 and Cu 2p3/2 
 
The Palladium 3d XPS (Figure 35A) shows metallic Pd0 which is seen at 335.9 eV; the slight shift to a 
lower BE by 0.2 eV could be attributed to the influence of Cu towards the electronic properties of 
Pd[242] suggesting a degree of surface alloy formation. 
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Figure 35 XPS spectra of system 1 A) Pd 3d and B) O 1s 
  
Figure 35A displays a peak at 337.8 eV which is due to Pd2+ [242, 243] with an energy shift of 1.9 eV, 
however, due to its low relative intensity, it is assumed that the amount of Pd2+ on the surface of the 
sample is negligible with metallic Pd being dominant. 
Due to the lack of PdO in system 1 (excluding the relatively low amount seen in sample C4), the XPS 
of the O 1s orbital did not suggest any noticeable Pd oxide formation, which is typically located 
above 532 eV[243]; however there were noticeable changes in the BE of the oxygen species. It 
should be noted that the high BE of the Pd 3d3/2 (as opposed to the 3d5/2)[178] photoelectron line is 
also located within the O 1s range of 533 eV[244]. As such PdO peak analysis belonging to Pd 3d5/2 
on the O 1s XPS may cause difficulties in assigning relevant labels as they fall within the same region 
as the primary Pd 3d3/2 peak. 
The de-convoluted data of samples C0 and C4 can be seen in Figure 36. It can be seen that a 
noticeable amount of cupric oxide is present indicated by the peak at 530.6 eV[240, 245] in sample 
C0, which is drastically decreased upon the addition of Pd (sample C4). This is further supported by 
XRD data (Figure 32) which shows the cuprous oxide (CuO (111) at 36.8˚) decrease with the addition 
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of trace amounts of Pd to the system due to the reduction of Pd2+ to Pd0 which co-reduces Cu2+ to 
Cu0 [236, 246]. The peak located at 531.9 eV is produced by the presence of the hydroxyl group on 
the surface of the sample [247, 248] and a BE of 533 eV indicates surface water [247, 248]. A change 
in this peak in sample C4 is seen with an increase in the BE by 0.7 eV. The peak located at 533.7 has 
previously been related to PdO formation[242] or the higher BE Pd 3p3/2[249], due to the lack of BE 
shifts between the two samples, this peak shift cannot be attributed to the addition of Pd changing 
the overall  binding energies of the system and is therefore an indicator of minute amounts of PdO 
formation. 
 
 
Figure 36 XPS of O 1s for sample C0 and C4 (Bold line represents the envelope, thin lines represent individual peaks 
and baseline, circles indicate experimental data points) 
 
System 2 produced noticeably different XPS compared to system 1. The Cu 2p XPS can be seen in 
Figure 37. The first main observation in comparison to system 1, is the large satellite peak formation 
between 940 – 948 eV. These satellite peaks are produced by a copper 3d9 valence band indicative 
of Cu2+ being present on the surface, in this case caused by CuO [241, 250, 251]. The CuO and Cu2O 
peaks overlap in the same 2Ɵ values in XRD spectra (at approx. 36.6˚ and 42.4˚); the large intensities 
witnessed in system 2 (Figure 32) could be a combination of both CuO (as seen by the larger satellite 
peaks) and Cu2O due to the shift in the peak from 932.9 to 933.1 eV (Figure 37B) [178, 250]. Peaks 
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located at 935.4 eV are produced by Cu(OH)2 and no CuO peaks are seen on the main line spectra 
between Cu0 and Cu(OH)2 (at approx. 933.5 eV[240]) indicating that a reasonable amount of CuO 
was not produced on the sample [240, 250]. 
 
 
Figure 37 XPS of system 2 a) Cu 2p satellite peaks and b) Cu 2p3/2 
The XPS of palladium indicate that PdO is present in minute quantities on the surface of the sample. 
The oxide formation; located at 337 eV [242], can be seen in Figure 38, where a shoulder can be 
seen in Figure 38A. De-convolution of these peaks indicates that an oxide peak is indeed present, 
however this oxide peak diminishes as Cu is added to the sample. 
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Figure 38 XPS of Pd 3d5/2 for A) system 2 and B) sample P0 (Bold line represents the envelope, thin lines represent 
individual peaks and baseline, circles indicate experimental data points) 
 
Figure 39 XPS of O 1s of system 2 
The O 1s XPS of system 2 showed a large variety of peaks between samples as can be seen in Figure 
39. Sample P2 displayed a peak located at 538.8 eV  which could be associated with oxygen shake-up 
peaks[252]. The de-convoluted XP spectra (Figure 40) display similar results minus the O shake-up 
peak. The peaks located at 530.1 and 530.5 are noticeable cupric oxide peaks [240, 245] or cuprous 
oxide as it is hard to distinguish between the two[253]. The shift in the Cu binding energies would 
imply cuprous oxide is present within a mixture of cupric oxide. Peaks at 531.9 and 532.2 eV can be 
assigned to attached hydroxyl groups. There is a slight increase in BE with the addition of Cu to the 
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system by approx. 0.4 eV[247] which also accounts for the changed between peaks 533.7 and 534.6 
eV on samples P0 and P2 which are due to either PdO[243] or the Pd 3p3/2 peak[244]. It would be 
safe to say that these peaks are indeed PdO which was confirmed in the Pd 3p peaks in Figure 38. 
 
Figure 40 XPS of O 1s for sample P0 and P2 (Bold line represents the envelope, thin lines represent individual peaks 
and baseline, circles indicate experimental data points) 
The surface composition of both systems varies as metal concentrations vary; it was seen in system 
1 that trace amounts of CuO were seen in the XRD spectra (Figure 32) which was confirmed with the 
XPS satellite peaks in Figure 34. No Cu2O was seen in system 1 as no shifts in the Cu 2p peaks were 
seen with all samples displaying the same peak at 932.7 eV. The O 1s XPS (Figure 35B) for this system 
confirmed the presence of CuO. 
Unlike system 1, there was a slight shift in BE for the Cu 2p peaks by approx. 0.3 eV to 933.1 eV 
(Figure 37), this shift is not related to CuO which has a higher BE of 933.5[240]. This peak shift 
indicates the promotion of Cu2O and satellite peaks also confirmed the presence of CuO. Since these 
two peaks are located in similar locations on the O 1s spectra, it is assumed that both species; Cu2O 
and CuO, are present albeit in negligible quantities. Palladium oxide was also seen in minute 
quantities. 
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4.3.4. Catalytic and sensing activity 
Two catalytic and one electrocatalytic reaction were selected to investigate the activity of these 
materials. Two of these reactions rely on the electron transfer capabilities of the materials, the first 
of which is the reduction of ferricyanide (FCN) with thiosulphate which was discussed in some detail 
in the introduction chapter. Nitrophenol (NP) reduction with sodium borohydride is the second 
catalytic process investigated. The reduction of FCN was selected as a proof of concept reaction to 
investigate the capabilities of the materials, followed by NP which is shown as a possible real world 
industrial application undertaking the same principles. The third reaction was that of electrocatalytic 
hydrogen evolution. The sensing abilities of these materials were also investigated with the use of 
surface enhanced Raman spectroscopy in detecting rhodamine B. 
4.3.4.1. Ferricyanide reduction (FCN) 
The reduction of FCN by sodium thiosulphate has been shown to be influenced by the amount of 
hydrogen ions present at the vicinity of the catalyst by reducing electron repulsion and assisting in 
the electron transfer process between the ferricyanide and the thiosulphate through the 
catalyst[141]. It should be noted that all FCN catalytic reactions were conducted in a 24 ml solution 
(as detailed in chapter 2.2) which is a reasonably large volume compared to many reports in the 
literature that work on a scale of approx. 3 mL (a UV-vis cuvette). 
The reaction rates for both system 1 and 2 can be seen in Table 8; these rates were calculated by 
plotting ln(At/Ao) vs time and taking the slope of the linear part of the graph (Figure 41). The typical 
reaction time for both systems was 11 min for complete reduction (Figure 42) of a 24 mL solution 
containing 1 mM FCN and 0.1 M thiosulphate. With the addition of Pd in system 1, there is a sharp 
decrease in catalytic activity followed by incremental increases with Pd additions. 
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Sample Reaction rate (s-1) Sample Reaction rate (s-1) 
C0  5.81E-03 P0 1.36E-03 
C1 2.99E-03 P1 1.69E-03 
C2 3.62E-03 P2 2.02E-03 
C3 3.57E-03 P3 3.49E-03 
C4 5.27E-03 P4 2.59E-03 
Table 8 Catalytic reaction rate for FCN reduction 
 
Figure 41 Kinetic rate plots of the reduction of FCN for system 1 (left) and system 2 (right) 
The drop in activity for sample C3 could be due to the decrease in surface Pd (4.66%, down from 
8.12% in C2) as shown by XPS (Table 7), followed by a large increase in activity for sample C4 which 
displayed a large concentration of surface Pd (28.77%) present on the sample. Sample C3 was 
capable of maintaining a higher activity than sample C1; even though both had a similar surface 
coverage of Pd (4.24 and 4.66 for sample C1 and C3 respectively). However, larger amounts of Pd 
were deposited in the bulk of sample C3 (4.32%) compared to C1 (1.03%) and supports the fact that 
the bulk of the sample may play a role in catalytic reaction by affecting the electronic nature of the 
surface. The reduction of FCN is heavily surface controlled as both ferricyanide and thiosulphate 
have to attach to the catalytic surface for electron transfer to occur, [141]. The dendritic nature of 
sample C0 heavily promotes the availability of electron transfer contact points, which contributed to 
the activity of the sample. With a decrease in dendritic nature a decrease in catalytic activity is also 
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witnessed. Samples C1 to C4 have globular wall and surface structure (Figure 25); with the reduction 
in the dendritic nature the activity halved between samples C0 and C1, even with the presence of Pd 
in sample C1. As the Pd loading increased in the samples, so did the catalytic activity to a point 
where it equalled that of C0. This indicates the large effect surface morphology has on the activity of 
catalytic surfaces towards the FCN reduction. Significantly it was found to achieve the equivalent 
activity of a dendritic Cu sample, a Pd surface and bulk loading of 29% and 9% respectably had to be 
achieved. It is therefore more viable to control surface structures rather than using expensive and 
rare metals to achieve the same result.  
 
Figure 42 Catalytic reduction of 1 x 10-3 M K3Fe(CN)6 with 0.1 M Na2S2O3 by a) C3 and b) P3 
It was also found that system 2 was not as catalytically active as system 1. This may be explained by 
the morphology of the structures obtained for system 2, mainly globular structures were seen 
(Figure 31) of varying sizes with sample P3 showing the most branch like formations. Sample P3 
displayed the highest dispersion of branches (Figure 31D) and it also displayed the highest catalytic 
activity (3.5 x 10-3) of system 2 (Table 8) giving further support to the influence of surface 
morphology. Sample P4 had the second highest catalytic activity (2.6 x 10-3) with a surface Pd loading 
of 22.5% and a standard globular structure as seen with the other samples in system 2 (excluding 
P3). It is interesting to note that globular samples with higher Pd loading displayed poorer catalytic 
activity than those with lower Pd loadings. Comparing these results to those of system 1, it appears 
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that a surface coverage of 20-30% Pd displayed the optimal range for high catalytic activity, with 
higher loadings (sample P1 had 37% loading) displaying lower activities (2.02 x 10-3).  
The use of bimetallic catalysts can have beneficial effects so long as optimal conditions are met, such 
as a high surface area and optimal metal concentrations without exceeding the lower or upper limit 
as shown above. The reduction of FCN displayed that both systems work as effective electron-
transfer agents, in high volume solutions (24 mL) when compared to other mono-metallic materials, 
such as Pt nanoparticles. These nanoparticles were tested in 2 mL solutions containing 1 mM FCN 
and reported a reaction rate of 3.3 x 10-5 [254, 255]. 
4.3.4.2. Nitrophenol reduction (NP) 
The nitrophenol reaction follows a similar pathway to the reduction of FCN in that the catalyst acts 
as an electron proxy. However, the NP reduction relies on hydrogen from the BH4
- initially binding to 
the metal catalyst[138]. Palladium has been shown to be a good catalyst towards the reduction of 
NP[123] compared to other metals such as silver and platinum[256]; however, due to the fabrication 
methods of the porous structures discussed here; there may be heavy hydrogen loading of Pd, which 
could hinder the attachment of any further hydrogen.  It should be noted that all NP catalytic 
reactions were conducted in a 30 mL solution (as detailed in chapter 2.2), which is considerably 
larger than reported in literature. 
The reaction rates for both system 1 and 2 can be seen in Table 9. In regards to system 1, it can be 
seen that an initial addition of Pd to the system increases the catalytic  activity of C0; however, 
with further addition of Pd the catalytic activity decreased.  
Sample Reaction rate (s-1) Sample Reaction rate (s-1) 
C0 8.87E-03 P0 2.37E-04 
C1 1.80E-02 P1 5.03E-04 
C2 2.52E-03 P2 3.50E-04 
C3 6.24E-04 P3 3.70E-04 
C4 3.43E-04 P4 3.57E-04 
Table 9 Catalytic reaction rate for NP reduction 
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Figure 43 Kinetic rate plots of the reduction of NP for system 1 (left) and system 2 (right) 
From the kinetic data plots in Figure 43, it can be seen that system 2 displayed variable catalytic 
behaviour. This is most likely due to the heavy hydrogen loading within the sample during 
fabrication, hindering free active sites. 
It is interesting to note that the effectiveness of 5 mM Pd in sample C1 had on the speed of the 
reaction. As can be seen in Figure 44, the reaction rate was halved between C0 and C1 (from an 
initial 10 min to 5 min), upon which it is increasing 6 fold (30 min) with C2 and further increased with 
incremental additions of Pd. The increase of Pd within the sample had an effect on the active sites 
that hindered the incoming hydrogen from binding. 
An obvious liberation of hydrogen is witnessed upon placement of the catalytic material within the 
NP solution, this does not mean that all hydrogen which is bound within the sample is liberated; it 
does however mean that there would be an increase in active sites available for further catalytic 
activity. The strong absorption of hydrogen in Pd would imply that the liberation of hydrogen at 
Cu/Pd does not occur at the same rate of other bimetallic systems such as Cu/Au, and therefore the 
turn over frequency (TOF) of this reaction would be slower than the other systems discussed, as 
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hydrogen is not liberated quick enough. With the lower amount of bulk Pd (Table 7) loading in 
sample C1 (1.03%), this could have an optimizing effect on the electronic nature of the primary Cu 
metal, as electrons would be attracted by the high electronegativity of the Pd, reducing the 
electronic hindrance towards BH4
- approaching the surface, but not overwhelm the electron transfer 
process. This, together with the lower surface concentration of Pd (4.24%), could explain the 
increased catalytic activity of sample C1 above C0. The lower surface loading implies that Pd is well 
dispersed on the surface of the sample. This dispersion increases adatoms of Pd which act as active 
sites towards catalysis. Another factor to consider is the pore size variations within the samples; 
sample C1 has an average pore size of 32.98 µm, as opposed to samples C2-C4 which have smaller 
pore sizes. The smaller pore sizes may limit transportation of NP towards the sample and expulsion 
of hydrogen gas due to capillary forces and therefore a larger pore size would be preferential for 
heterogeneous catalysis. 
The increase in bulk Pd in samples C2-C4 would have a larger impact on the overall electronegativity 
and therefore would not promote electron transfer between BH4
-
 and NP through the bimetallic 
surface, together with larger surface deposits of Pd would increase the Pd cluster sizes and reduce 
its active surface area. 
As this catalytic reaction is a 6 electron process (discussed in the introduction chapter) [131, 139], 
the electronegativity of the samples would have a larger influence on the reaction rates than that of 
the surface morphology. As a larger quantity of electrons are required to be transferred and 
available for the reduction, the metal ratios within the sample plays a primary role towards the 
reaction rates and as such is seen to have a larger influence on activity.  
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Figure 44 Catalytic reduction of 1 x 10-3 M 4-NP and 0.1 M NaBH4 by a) C0, b) C1, c) C2 and d) C3 
System 2 displayed smaller reaction rate variations between samples P0 and P4, with variations 
relatively low compared to system 1; which displayed larger differences. An increase in Cu (sample 
P1) had a slight increase in catalytic activity towards the reduction of NP for system 2; further Cu 
increments showed no increased effect on activity (samples P2 to P4), with standard reduction times 
taking over 40 min. 
This system displayed relatively higher Pd loadings on both surface and bulk (Table 7); however, 
large Cu concentrations were still present in these samples.  
The overall load concentration of Pd in both systems displays the effect this metal had on the 
catalytic activity. It would appear that lower concentrations of Pd had a beneficial influence on the 
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catalytic activity of NP, as a greater concentration of Pd would increase the negative charge of the 
sample, having a detrimental effect on the six electron transfer process for this reaction, unlike FCN 
which is a single electron process and does not see such a suppressive effect from higher Pd loading. 
Once an optimal range of bulk and surface Pd concentrations was reached (minimum loading), the 
activity steadily decreased up until the point where it plateaued (Figure 45). Another influencing 
factor is the electronic influence of Pd on the Cu system. As Cu has a lower electronegativity (1.9) 
and work function (4.94) than Pd (with an electronegativity of 2.2 and work function of 5.1), it would 
have a tendency of donating electrons to Pd[132, 160], thereby inducing a surface with a positive 
charge and facilitating BH4
- binding and electron transfer. Following a certain threshold, the 
electronic effects will no longer be beneficial and inhibit electron transfer due to the bimetallic 
samples having a  reduction potential that falls outside of that required to act as an active electron 
proxy in this reaction. As mentioned earlier, the morphology of these samples towards this particular 
reaction does not heavily influence reaction rates to the same extent as that of Pd metal 
concentration which is different to the case of FCN reduction with thiosulphate. 
 
Figure 45 Reduction of NP reaction rates 
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4.3.4.3. Hydrogen evolution reaction (HER) 
As discussed in the introduction chapter, the electronegativity of the two metals in a bimetallic 
structure play a large role in the HER activity[150]. The electronegativity of Pd and Cu are 2.2 and 1.9 
respectively[52]; owing to this, with a higher surface coverage of Pd one would expect a higher HER 
rate. This, coupled with the high exchange current of Pd towards the HER; 1 x 10-3 A cm-2 (compared 
to Cu 4.3 x 10-6)[196], it is expected that this bimetallic structure should show promise in this field of 
electrocatalysis with the correct metallic ratios. 
Linear sweep voltammograms for systems 1 and 2 are shown in Figure 46 below. It can be seen that 
in system 1 (left), with an increase in Pd concentration in the deposition bath there is also an 
increase in HER activity. From the metal loading results in Table 7, it can be seen that an increase in 
surface Pd also saw an increase in HER activity. This is evidenced by an increase in current magnitude 
and a shift in the onset potential to less negative values. This however is not always the case as with 
sample C3 which displayed the same quantity of surface Pd as sample C1 (4.24 and 4.66 % 
respectively). However, the bulk loading of Pd in sample C3 is 4 times that of sample C1 (4.32 and 
1.03 % respectively). This indicates that the underlying composition of the bimetallic samples plays a 
role in the electronic properties of the surface layer; it has been shown that a secondary metal can 
cause an influence on surface reaction while being 5 monolayers from the surface[257]. In addition 
to this, it is interesting to note how large an influence the Pd loading played over the influence of 
morphology towards the HER. The reduction of dendritic structure as Pd increased would be 
expected to have a detrimental influence on the catalytic capabilities towards the HER. Small 
domains and domain boundaries enhance the HER[194], it would then appear that these dendritic 
and sharp structures have less of an influence on the overall reaction when compared to surface 
loading of Pd.  
111 
 
 
Figure 46 Linear sweep voltammograms recorded at 10 mVs-1 in 1 M H2SO4 for system 1 (left) and system 2 (right) 
normalized for surface area  
System 2 exhibits what would appear to be random behaviour towards the HER (Figure 46 right). 
Upon further investigation, it can be seen that this random behaviour is ordered and heavily 
depends upon the Pd surface loading on the samples (Table 7). The bulk loading of all samples was 
quite high ranging between 43 to 50 % with the exception of sample P2, explaining its significantly 
lower activity. Larger fluctuations were seen in the surface loading of Pd, with sample P0 displaying 
the highest concentration of 41 %. As has been previously shown, HER activity is promoted in 
bimetallic systems if the higher electronegative metal is located on the surface, as it would receive 
an electron charge transfer from the less electronegative species and the excess electrons will 
promote HER activity[150]. As Pd is more electronegative than Cu, the higher Pd surface content 
present in the samples, results in higher catalytic activity towards this reaction. The morphology of 
system 2 (Figure 31) did not vary significantly between samples which is also the case with pore sizes 
(Table 5) and is assumed to not play any significant role in HER activity.  The onset potential did not 
vary to the extent seen in system 1, with a slight positive shift as higher surface loading was seen.  
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4.3.4.4. Surface enhanced Raman spectroscopy (SERS) 
As discussed in chapter 1, SERS intensity relies heavily on shape, size and composition of the metal 
substrate [152, 161, 162, 191, 258]. The investigation of SERS activity for both systems 1 and 2 was 
conducted by immersing the samples in 1 mM rhodamine B solution for 1 hour with the excess 
removed by washing with Milli-Q water. It can be seen in Figure 47 that both Cu and Pd controls 
displayed no relevant signal response to the rhodamine molecule. This is most likely caused due to 
the fact that both controls are extremely smooth surfaces and no surface enhancement is produced 
therefore relying on only weak Raman signals. Sample C0 in system 1 displayed a reasonable 
intensity which was also seen with the slight addition of Pd in sample C1. This intensity is attributed 
to the morphology of sample C0 as it is highly dendritic in nature. This dendritic nature is capable of 
increasing the surface plasmon excitation of the incident radiation[162], however, with the addition 
of Pd to the sample, the dendritic nature is suppressed and therefore the SERS signal enhancement 
due to morphology diminishes. Sample C1 displayed reasonable SERS activity due to the low Pd 
concentration within the sample (4% surface and 1% bulk loading) and visible surface branching 
(Figure 28B); unlike the globular structures seen in samples C2 to C4. Copper is a more SERS active 
material than Pd and has a SPR located within the visible-NIR region, which falls within the SERS 
radiation wavelength of 785 nm leading to higher excitation intensities[163, 169, 170].  
System 2 did not display any rhodamine B SERS response due to the morphology and high Pd loading 
in the samples. The grain sizes of Pd (Table 6) were calculated to be approx. 10 nm in size; the 
surface plasmon resonance of Pd is within the UV region [153, 173] and therefore would not be 
excited by the visible – near infrared radiation used in SERS. Larger spherical Pd particles have been 
shown to have reasonable SERS activity, however, these particles were in the 600 nm range[174].  
 
113 
 
 
Figure 47 SERS of 1 mM rhodamine B for system 1 (left) and system 2 (right) after 1 hour immersion 
As expected, due to the size and shape of the co-deposited palladium, the SERS activity of the 
copper samples diminished. The reduction in size shifted the SPR towards the UV region, together 
with suppression of dendritic surface formation. These factors led to the ineffectiveness of this 
bimetallic material towards SERS activity.  
4.4. Conclusion 
The successful electrochemical deposition of Cu and Pd bimetallic porous materials has been 
displayed with various applications of these materials being investigated. The deposition of system 1 
proceeded as expected, i.e. a continual increase of Pd incorporation within the sample as the Pd 
metal salt concentration was increased in the deposition bath; however, due to the dissolution of Cu 
under high negative potentials, the same cannot be said for system 2. The unexpected loadings of Pd 
in system 2 allowed the investigation of a variety of metal loadings and a look into the difference 
that various metallic compositions had on certain applications. The increase in Pd had a detrimental 
effect towards the dendritic nature of the initial Cu porous structure resulting in more globule like 
structures, and also a decrease in pore sizes.  
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For certain applications (such as the catalytic reduction of FCN and NP), optimal metal ratios must be 
employed to obtain the highest reaction rate. Significantly high concentrations of Pd did not show 
any beneficial influence on these reduction reactions. Surface morphology seemed to supersede the 
influence of Pd in the case of FCN reduction, with dendritic Cu only structures being able to maintain 
the same catalytic rate as globular Cu/Pd bimetallic samples. In contrast, the morphology of the 
samples did not play such an influential role in the reduction of NP. This reaction relies on the 
transfer of 6 electrons (as opposed to a single electron in the case of FCN reduction), and as such is 
more heavily influenced by the Cu/Pd metal ratios which affects the electron transferring capabilities 
of the sample. With increases in Pd (a highly electronegative metal), the reduction rates were seen 
to be reduced as the transfer of electrons would be hindered. The electrocatalysis of the HER 
followed a similar trend to that seen in the case of NP; with higher Pd loading superseding the 
morphological effects and promoting activity towards the HER. Finally, the addition of Pd was shown 
to have no beneficial influence towards SERS due to the electrodeposited morphology, grain size of 
the Pd and presence of Pd at the surface. 
This system has been a positive proof for concept to the simple electrochemical formation of highly 
porous, bimetallic materials that can show promise in certain applications. For the following 
chapters, the combination of Cu with Au and Cu with Ag is investigated. 
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Bimetallic Cu/Au porous structures 
and their applications in catalysis and 
sensing 
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5.1. Introduction 
Bulk gold has been known as a poor catalyst due to its completely filled d-band[119], however, in 
recent years with the increasing advancements in nanotechnology, it has been discovered that the 
inertness of this noble metal can be significantly altered with variations in size, shape, support and 
preparation methods of these particles [259, 260]. It has been shown that Au nanoparticles (NP) can 
promote the reaction between CO and O2 to form CO2 even at such low temperatures as 40K[261], 
they are catalytically active towards glucose oxidation[262] and capable of reducing nitrophenol’s 
effectively[129]. However, the chemical formation of Au nanoparticles requires stabilizing agents so 
that aggregation is reduced and activity remains high; in the case of glucose oxidation to gluconate, 
no stabilizers were used which was followed by Au aggregation and eventual deactivation of the 
particles. Stabilizers have been used extensively; however, their use can impact selectivity, the 
environment[263] and reduce the economically viability of such systems.  
An interesting alternative to further enhance activity is the use of two metals to form stable 
bimetallic structures that exhibit interesting catalytic, electronic, magnetic and optical properties 
[264-266]. Incorporating two metals into one structure has a profound influence on the electronic 
band structure of the system which further has an effect on the selectivity and activity of certain 
reactions[267]. The two metals can also determine the structural orientation of one another which 
also has a large impact on various physical and chemical properties[117]. The synergistic effects of a 
bimetallic system can also increase the activity of the more precious metal at decreased loading, in 
effect creating a higher active material at a lower cost[268]. 
The combination of Cu and Au is not a new concept and has been applied to a variety of 
applications. The combination of Cu/Au; through wet chemical methods where Au and Cu metal 
salts were mixed in NH3 and NaBH4, was capable of exceeding single metal yields and selectivity 
towards the oxidation of benzyl alcohol to form perfume-grade benzaldehydes[269]. Other reactions 
investigated have been the oxidation of CO; where the bimetallic combination (formed by a 
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modified impregnation-precipitation method) was capable of not only increasing activity, but also 
lowered the reaction temperature from 170˚C (used for the Au catalyst) to 70˚C for 100% 
conversion[270]. Also propane epoxidation, where lower concentrations of Au in the bimetallic 
catalyst increased the conversion and selectivity for the formation of propanal has been reported 
[270, 271]. 
As previously discussed, templating is an invaluable method of forming high surface area structures. 
Electrodeposition is a simple and clean method to template well defined structures onto substrates, 
including bimetallic structures. A simple fabrication method involves the simultaneous deposition of 
two metals onto a substrate where again the template is hydrogen bubbles, as discussed in chapter 
4. 
In this chapter, porous Cu/Au fabricated by the dynamic hydrogen bubble templating approach, is 
characterized and applied to the reduction of 4-nitrophenol and ferricyanide, the electrocatalytic 
activity towards the HER and SERS. 
5.2. Experimental 
See Chapter 2 for details on materials and instrumentation used and catalysis sample preparation. 
5.2.1. Bimetallic fabrication 
Porous bimetallic structures were deposited via a galvanostatic method by applying a cathodic 
current density of 3 A cm-2 for varying deposition times between 5 and 60 s on a copper working 
electrode. The plating bath contained both metal salts at varying concentrations in 1.5 M H2SO4. Two 
systems were again investigated; system 1 (Cu/Au): containing a higher, but constant concentration 
of 0.4 M CuSO4 with varying KAuBr4 concentrations of 5 to 50 mM and system 2 (Au/Cu): containing 
a higher, but constant concentration of 50 x 10-3 M KAuBr4 with varying CuSO4 concentrations of 
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0.625 to 6.25 m M (Table 4). These concentrations were selected so that the ratio of the metal salts 
concentration remains constant between both systems.  
System 1 - Constant 0.4M CuSO4 System 2 - Constant 50 mM 
KAuBr4 
Sample KAuBr4 Conc. (mM) Sample CuSO4 conc. (mM) 
C0 0 A0 0 
C1 5 A1 0.625 
C2 10 A2 1.25 
C3 20 A3 2.5 
C4 50 A4 6.25 
Table 10 Concentration of metal salts using in the plating bath 
5.3. Results and discussion 
The use of high overpotentials during electrodeposition allows the deposition of metals within the 
hydrogen evolution region as discussed in previous chapters. In general, the increase in deposition 
time increases the deposition of metal onto the substrate and therefore porous multi-layered 
structures are formed due to the simultaneous evolution of hydrogen gas from the surface of the 
electrode and the metal deposition process. SEM imaging was carried out to analyse the structures 
at varying deposition times and are shown in Figure 48, where a constant metal salt concentration 
was maintained (0.4 M CuSO4, 5 mM KAuBr4) in 1.5 M H2SO4 with increasing deposition times from 5 
to 60 s. It can be seen that structural integrity is diminished with increasing deposition time 
following a certain threshold. With an increase in deposition time, the metal layering above the 
substrate increases which traps more hydrogen within the structure. As this hydrogen travels 
through the structure it coalesces with other hydrogen bubbles to form larger gas bubbles around 
which new metal is deposited. This is visible with the increase in pore sizes and less conformity in 
the metal layering. Once the pore sizes reach a certain diameter, the metal is unable to hold a stable 
structure and collapses in on itself as can be seen with a deposition time of 60 s. An optimal 
deposition time of 15 s is herein selected for the deposition of structures that provide large surface 
area, sizeable pores for passage of reagents that are both stable and rigid.  
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5.3.1. Metal salt concentration variations 
5.3.1.1. System 1 (Cu/Au): Variations in Au metal concentration 
Variations in metal salt concentrations in the plating bath had drastic effects on the structure and 
properties of the systems investigated. In Figure 51, the morphological changes for system 1 can be 
seen as the secondary metal concentration (KAuBr4) is varied between 0 and 50 mM. The presence 
of Au was confirmed with both XPS and AAS techniques which will be discussed later. The addition of 
KAuBr4 has a noticeable difference on the pore size of the outermost layer of the surface with a 
gradual decrease in pore size from 63 to 9 µm (Table 11) with an increase in gold concentration. It 
A B 
C D 
E 
Figure 48 SEM images of porous CuAu deposited from 0.4 M CuSO4 and 5 mM KAuBr4 in 1.5 M 
H2SO4 deposited with a constant current of 3 A cm
-2 at A) 5, B) 10, C) 15, D) 30 and E) 60 s deposition 
time. 
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can be seen that pore sizes can be controlled to an extent with additions of secondary metals as 
seen for the Cu/Pd case (chapter 4).  
 
System 1 - Constant 0.4M CuSO4 System 2 - Constant 50 mM KAuBr4 
Sample Average pore size (µm) Sample Average pore size (µm) 
C0 63.22 A0 9.17 
C1 21.5 A1 9 
C2 18.9 A2 9.04 
C3 13.7 A3 9 
C4 9.3 A4 9.03 
Table 11 Average pore sizes for system 1 and 2 
Figure 49 SEM images of porous CuAu deposited from 0.4 M CuSO4 in 1.5 M H2SO4 deposited with 
a constant current of 3 A cm-2 for 15 s with A) 0, B) 5, C) 10 D) 20 and E) 50 mM KAuBr4 
A B 
C D 
E 
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The addition of 50 mM KAuBr4 compromised the structural strength due to the increased porosity 
and also the poor adherence to the substrate; as such, the 50 mM KAuBr4 sample was unsuitable for 
many applications mentioned below. Not only is the overall structure altered with the increase in 
secondary metal concentration, the internal wall structure is significantly changed as can be seen in 
Figure 49. The overall dendritic nature of monometallic porous copper (C0) is decreased and cubic 
like structures are seen as KAuBr4 increases to 5 (C1) and 10 (C2) mM. The diameter of these 
structures ranges between 500 to 800 nm and 250 to 500 nm for C1 and C2 respectively. As KAuBr4 
concentration was increased to 20 mM (C3) a mixture of cubic and plate-like structures is visible. The 
change in wall structure could be responsible for the pore size variation; as has been previously 
A B 
C D 
E 
Figure 50 SEM images of porous AuCu deposited from 50 mM KAuBr4 in 1.5 M H2SO4 deposited with a constant 
current of 3 A cm-2 for 15 s with A) 0, B) 0.625, C) 1.25, D) 2.5 and E) 6.25 mM CuSO4 
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reported in the case of porous copper, interlocking dendritic branches increased hydrogen bubble 
coalescence and therefore formed larger pore sizes. It was found that the addition of polyethylene 
glycol reduced the dendritic nature and formed regular equiaxal grains which significantly decreased 
pore sizes due to less hydrogen coalescence[232].  
 
 
During the electrochemical deposition of these structures, Br- ions are liberated from KAuBr4 (AuBr4
- 
+ 3e-     Au0 + 4Br-) in the solution near the point of deposition, above the substrate. These ions could 
have an influence on the overall structure during deposition due to the well-known directional 
growth properties of halide ions in the chemical synthesis of metal nanoparticles[272]. To 
A B 
C D 
E 
Figure 51 SEM images of porous CuAu deposited from 0.4 M CuSO4 in 1.5M H2SO4 deposited with a constant 
current of 3 A cm-2 for 15 s with A) 0, B) 5, C) 10, D) 20 and E) 50 mM KAuBr4 
123 
 
investigate the influence of Br- during fabrication, HAuCl4 was used as an alternative to KAuBr4 for 
the preparation of sample C2. It can be seen in Figure 52 that the replacement of liberated Br- with 
Cl- had a clear influence on the overall structure, but to a lesser extent towards the internal wall 
morphology. The increase in pore sizes is due to the increase in hydrogen generation caused by the 
additional proton source (HAuCl4); with an increase in hydrogen gas evolution, coalescence also 
increases forming larger pore sizes as discussed earlier. The morphology of the internal wall 
structures remained fairly similar, with smaller cube like structures being the primary makeup of the 
walls in the case of HAuCl4.  
 
Figure 52 SEM SEM images of porous CuAu deposited from 0.4 M CuSO4 in 1.5M H2SO4 deposited with a constant 
current of 3 A cm-2 for 15 s with A) 10 mM KAuBr4, B) 10 mM HAuCl4 
The XRD (Figure 53) patterns attained for these samples are quite similar, suggesting that the halide 
ion does not significantly affect the overall bulk crystal structure. Gold is not seen in any sample due 
to the low amount of loading within the samples (discussed later in this chapter). 
A B 
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Figure 53 XRD of porous CuAu deposited from 0.4 M CuSO4 in 1.5M H2SO4 deposited with a constant current of 3 A 
cm-2 for 15 s with no Au (black), 10 mM KAuBr4 (red) and 10 mM HAuCl4 (blue) 
In addition to investigating the effects of differing gold salts (KAuBr4 and HAuCl4), the addition of KBr 
to CuSO4 was also explored. From the SEM images (Figure 54) it can be seen that the addition of the 
Br- halide had a large effect on the internal wall structure of the samples, shifting from highly 
dendritic to extreme needle-like structures with widths in the nanometer range. The pore sizes were 
also heavily effected which could be due to the internal wall structure differences; the dendrites 
would be able to support an increased rate of interconnectivity which would lead to closer packed 
internal walls and therefore smaller pore sizes. On the other hand, the needle-like surface would not 
be able to produce such well interconnected walls and therefore pore sizes appear to be much 
larger. 
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Figure 54 SEM images of porous Cu deposited from 0.4 M CuSO4 in 1.5M H2SO4 deposited with a constant current 
of 3 A cm-2 for 15 s with A) no KBr and B) 10 mM KBr 
The XRD pattern of these samples (Figure 55) indicates that the addition of Br- suppresses the 
formation of any copper oxides. This was not seen with the addition of KAuBr4, the inclusion of Au 
appeared to promote the production of Cu2O possibly due to interactions between cationic gold and 
copper (as discussed later).  
 
A B 
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Figure 55 XRD of porous Cu deposited from 0.4 M CuSO4 in 1.5M H2SO4 deposited with a constant current of 3 A 
cm-2 for 15 s with no KBr (black), 10 mM KBr (red) 
 
5.3.1.2. System 2 (Au/Cu): Variations in Cu metal concentration 
An increase in copper concentration within system 2 saw no significant variation in the pore sizes 
(Figure 56) between 0 and 6.25 mM CuSO4 at 15 s deposition time with the average pore size 
remaining quite constant at 9 µm (Table 11) which is consistent with the previous chapter discussing 
system 2 for Cu/Pd (chapter 4.3.2.2). 
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The internal wall structure of system 2 was not affected to the extent witnessed in system 1 with the 
increase of the secondary metal concentration, however as the concentration of CuSO4 increased in 
system 2, the initial “cauliflower” tips of the fern-shaped surface became sharper (Figure 50).  
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E 
Figure 56 SEM images of porous AuCu deposited from 50 mM KAuBr4 in 1.5 M H2SO4 deposited with a constant 
current of 3 A cm-2 for 15 s with A) 0, B) 0.625, C) 1.25, D) 2.5 and E) 6.25 mM CuSO4 
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5.3.2. Surface and bulk characterization 
X-Ray Diffraction (XRD) was used to determine the crystalline structure and whether alloy or a phase 
separated material was fabricated. Alloying was not witnessed in Figure 57 as significant shifts in the 
principle peaks were not observed.  
 In the case of system 1, metallic copper is the dominant peak. The shifts in the 2theta values are not 
significant enough to indicate any form of alloy formation, however interestingly the inclusion of 
minute amounts of Au have a large influence on the formation of cuprous oxide (C1-C4). The slight 
shift in the peak positions is caused by the lattice being strained by the co-deposition of two metals 
during the fabrication of these materials[235]. The lack of distinct crystalline gold peaks and the 
formation of cuprous oxide suggested that gold is distributed within the cuprous oxide lattice as a 
non-metallic species; as both Cu(I) and Au(I) are isoelectric, the idea of uniform distribution of Au(I) 
through-out the material is possible. The inclusion of a larger secondary metal can also create slight 
shifts in the 2theta values due to changes in lattice spacing; this inclusion also has an unexpected by-
product of cuprous oxide formation (confirmed with XPS) which can be witnessed to the changes in 
morphology of the internal wall structure from dendritic to cubic as seen with SEM (Figure 49) [273] 
where cubic crystals are highly indicative of Cu2O. 
 
Figure 57. XRD pattern of system 1 (left) and system 2 (right) 
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The inclusion of Au in system 1 may change the electronic structure of the Cu which could cause a 
promotion in certain oxide formations. However, when the concentration of Au is increased passed 
an optimal level, this electronic influence is diminished. 
 Samples C1 and C2 created higher relative intensities of the cuprous oxide peaks when compared to 
metallic copper,  these samples also had the largest amount of cubic structure formation within 
system 1. Samples C3 and C4 had a reduction in cuprous oxide formation which in turn increased the 
extent of dendritic structure formation as seen in Figure 49.  
It has been previously reported that cuprous oxide has a tendency of adopting such cubic 
morphology readily under electrochemical deposition conditions[274].  
System 2’s lack of cubic morphology (Figure 50) implied that cuprous oxide would not be present; 
this indeed was confirmed by XRD which displayed relatively equal peak intensities of both Au(111) 
and Cu(111). The inclusion of Cu into the system had less effect on the electronic structure as Au has 
a much higher work function and electronegativity than Cu and therefore would not be heavily 
influenced by small amounts of Cu addition[52, 54]. 
Sample
s 
Grain size Au 
(nm) 
Grain size Cu 
(nm) 
Interplanar spacing Au 
(A) 
Interplanar spacing Cu 
(A) 
C0 - 33.98 - 2.07 
C1 - 29.16 - 2.08 
C2 - 31.81 - 2.07 
C3 - 32.47 - 2.08 
C4 - 31.66 - 2.08 
A0 36.05 32.54 2.34 2.08 
A1 31.72 23.32 2.31 2.06 
A2 32.57 29.16 2.32 2.07 
A3 29.05 26.43 2.32 2.07 
A4 23.13 17.15 2.31 2.07 
Table 12 Grain size and interplanar spacing’s of system 1 and 2 
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Using the Sherrer and Bragg equations, the interplanar spacing and grain sizes were estimated for 
Au(111), Cu(111) and Cu2O (111) crystalline planes (Table 12). Since no Au peaks were observed in 
system 1, values could not be calculated as was the case with Cu2O in system 2.  
The interplanar spacing remains relatively constant through-out both systems, however there is a 
direct correlation between the grain size of metallic copper with that of cuprous oxide in system 1; 
as one size increases the other decreases. System 2 displayed similar correlations between metallic 
gold and copper with both following the same trends (i.e. as one increases so does the other).  
The surface and bulk concentrations of both metals were calculated with XPS and AAS respectively 
with the relative percentages displayed in Table 13. System 1 displayed extremely low Au surface 
loading with sample C3 having the highest Au relative surface concentration of only 0.9%. In 
comparison, the Cu loading in system 2 was quite constant throughout all concentrations of Cu with 
A2 displaying the largest relative surface concentration of 80.29%. Large variations in bulk 
concentration for system 2 can be seen, which also seem to have an influence on the surface 
concentrations; as one increases the other decreases and vice-versa. It is interesting to note that A0; 
an Au only surface, displayed extremely high amounts of Cu. The explanation behind such large Cu 
concentrations in system 2 is due to Cu dissolution at the Cu electrode surface. 
System 1 System 2 
 Surface Metal Mol. % Bulk Metal Mol. %  Surface Metal Mol. % Bulk Metal Mol. % 
 Cu Au Cu Au  Au Cu Au Cu 
C0 100.00 0.00 100 0 A0 22.71 77.26 65.03 34.97 
C1 99.50 0.50 99.48 0.52 A1 28.54 71.43 45.36 54.64 
C2 99.81 0.19 99.27 0.73 A2 19.69 80.29 81.00 19.00 
C3 99.10 0.90 98.82 1.18 A3 29.22 70.75 20.69 79.31 
C4 99.87 0.13 98.02 1.98 A4 28.63 71.34 30.73 69.27 
Table 13 Surface and bulk relative metal concentrations 
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Figure 58 Surface and bulk relative metal concentrations 
The reason behind such high concentrations has been discussed in the previous chapter (Chapter 4). 
Briefly to summarise, Cu dissolution occurs at the Cu electrode within an acidic medium at high 
overpotentials [237, 238]. Since the hydrogen evolution potential must be reached to be able to 
form porous structures, high overpotentials are employed for the fabrication of these materials and 
as such Cu dissolution occurs and forms a diffusion layer hindering Au deposition to the substrate. 
The presence of dissolved Cu directly above the substrate surface impedes the deposition of Au and 
results in redeposition of Cu. 
The Cu XPS of system 1 (Figure 59) indicates the species of copper found on the surface of the 
sample. It can be seen that there is a binding energy (BE) shift for the Cu 2p2/3 peaks from 932.7 to 
933.8 (Figure 59B) with an increase in Au concentration. This BE shift is attributed to the increase in 
Cu2O production [178, 275] which was also seen in the XRD spectra (Figure 57). As Au concentrations 
increased in system 1, the BE shift became larger, however the XRD patterns showed a decrease in 
Cu2O peak intensities. This is caused by the slight increase in CuO formation on the surface; this layer 
is not shown in XRD presumably due to the small thickness of the layer, however XPS satellite peaks 
characteristic of CuO are observed between 944 - 947 eV. The outer shell in CuO is an open 3d9 
configuration which characteristically forms such satellite peaks [241, 250, 251]. The hydroxide of Cu 
(Cu(OH)2) can also be seen in the range of 936 to 934  eV in Figure 59A[240]. 
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Figure 59 XPS of system 1 a) Cu 2p and b) Cu 2p3/2 
Sample C3 exhibited the largest satellite peak and also the lowest Cu2O intensities of the Cu/Au 
samples (excluding C0); whereas C2 had the largest amount of Cu2O present together with lower 
satellite peak intensities, which indicates that increased gold concentration in the plating bath 
favours more CuO formation. 
  
Figure 60 XPS of system 1 A) Au 4f and B) O 1s 
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Peak intensities for the Au 4f XPS can be seen in Figure 60A with noticeable shifts in BE from the 
typical 84.5 and 88.4 which are attributed to Au 4f7/2 and Au 4f5/2. With low Au loadings (C1), the Au 
BE of 88.6 eV is only witnessed which is attributed to the presence of Au3+ in the form of a 
Au(OH)3[276]. With further increases in Au, the BE for the 4f7/2 spin electrons shifted from 84.8 to 
85.4 eV which is indicative of the Au(I) oxide state [277, 278]. It is interesting to note that these two 
metals are capable of producing a mixed metal oxide system by a simple and quick fabrication 
method. The cationic sites are conveniently located on the surface of the sample, with no need to 
modify or add any further metals to form these active sites; therefore this fabrication method is a 
viable option for creation of such functional sites. 
The oxygen 1s XPS (Figure 60B) also reveal valuable information regarding metal oxide formations 
with 2 distinct peaks at 530.8; produced by Cu2O, and 531.8 eV due to Au oxides (Au(OH)3 or Au2O3) 
[178, 240, 245, 278-280]. A large peak on sample C3 is observed at approx. 532 eV which is 
influenced by the excess Au on the surface of the sample. The excess Au influences the amount of 
attached hydroxyl groups on the surface[278] which was not seen to such a large extent on other 
samples. All samples displayed peaks near the 532 eV which can be seen below in the de-convoluted 
XPS spectrum. In regards to the higher Au(OH)3 formation for sample C3, this is due to the higher Au 
surface loading where the hydroxide species of Au is more likely to form due to its increased 
thermodynamic stability over the alternate gold oxide species[279]. 
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The XPS of O 1s were de-convoluted with examples shown in Figure 61 of samples C1 and C3. The 
greater presence of Au in sample C3 has a dramatic impact on oxide formation as can be seen in 
Figure 61; a dramatic increase in gold hydroxide formation (532.3 eV) is seen [247, 248, 279]. The 
peaks which have not been attributed to metal oxides are due to surface hydration (533.3 eV), water 
absorption (534.6 eV)[281]. 
As discussed in chapter 5.3.1.1, Cu/Au can also be formed from HAuCl4, therefore the surface 
chemistry of this system was investigated under conditions used to form sample C2 and the XPS are 
shown in Figure 62. In the case of the Cu 2p spectra, the satellite peaks can be seen in both samples, 
indicative of some CuO formation. However, as discussed earlier, the existence of CuO is only a small 
surface layer which is negligible due to the lack of CuO peaks located at 933.5 eV. No shift in the Cu 
2p3/2 peak is seen, with either Br
- or Cl- fabricated under the same experimental conditions and 
indicates Cu2O formation in both cases. No large significant shifts were seen in the case of Au 4f or O 
1s spectra for samples prepared with KAuBr4 or HAuCl4, indicative of cationic Au within both 
samples. 
Figure 61 XPS of O 1s for sample C1 and C3 (Bold line represents the envelope, thin lines represent individual 
peaks and baseline, circles indicate experimental data points) 
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Figure 62 XPS of porous CuAu deposited from 0.4 M CuSO4 in 1.5M H2SO4 deposited with a constant current of 3 A 
cm-2 for 15 s with 10 mM KAuBr4 or 10 mM HAuCl4 
The Cu 2p XPS of system 2 (Figure 63A) displayed metallic copper with no shifts from the standard 
932.5 eV[241]. This coincides with XRD spectra indicating only metallic Cu is present and possibly 
only trace amounts of oxide which could not be detected with XRD.   
 
Figure 63 XPS of system 2 A) Cu 2p, B) Au 4f and C) O 1s 
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Figure 64 XPS of O 1s for sample A1 (Bold line represents the envelope, thin lines represent individual peaks and 
baseline, circles indicate experimental data points) 
No large variations are displayed in the case of gold, with standard Au0 peaks being located at 84 and 
88 eV (Figure 63B). Due to the lack of Cu2O displayed in the XRD (Figure 57 right) the O 1s peaks at 
530.4 can be assigned to Cu(OH)2[282] while the peak at 531.84 eV is due to Au(OH)3[279]. The de-
convoluted O 1s XPS can be seen in Figure 64 with only two distinct peaks applicable to oxides of Cu 
and Au. From XRD, large amounts of copper can be seen within system 2 samples, this is also 
confirmed with XPS from Table 13. 
From the information above, it can be seen that in system 1 Au has a large effect on the production 
of Cu2O as seen with the slight increases in Cu 2p BE in Figure 59B and de-convoluted O 1s peaks 
showing an increased peak intensity for Cu2O (Figure 64). However, a smaller amount of Cu2O is seen 
on the XRD spectra as Au concentration increases (Figure 57), this decrease is caused by an increase 
in CuO surface formation which was confirmed with XPS satellite peaks. This formation was surface 
isolated as no main CuO peaks were witnessed at 933.5 eV or in the XRD data. Since Cu(I) and Au(I) 
ions are iso-electronic pairs, the inclusion of Au(I) within the copper sample is not without merit. The 
inclusion of the larger ion (Au) within Cu not only affects the crystalline spacing (as seen with slight 
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XRD peak shifts in (Figure 57), but also has an effect on the oxide formation of these samples. Low 
Au concentrations increase the amount of Cu2O formation which in turn influences the internal wall 
structure of the samples; as Cu2O increases, cubic formation also follows. The cationic form of Au 
appears to have a large influence on the oxide formation process and therefore an indirect influence 
on the internal wall structure of the samples. 
The oxide formations on the samples is attributed to a localised pH change to a more alkaline 
environment due to the depletion of protons near the substrate surface which should provide a 
better environment for oxide formation to occur[283]. This depletion is due to the use of a 
deposition potential of approx. -2.5 V for the evolution of hydrogen gas with simultaneous metal 
deposition. The presence of cationic gold promotes the production of Cu2O, whereas once gold is 
removed from the deposition bath, Br- supresses any copper oxide formation.  
5.3.3. Catalytic and sensing activity 
As was the case with the systems discussed in chapter 4 (Cu/Pd and Pd/Cu), the same three catalytic 
processes were investigated for the Au systems, which are: ferricyanide reduction, nitrophenol 
reduction and hydrogen evolution, together with the capability of sensing rhodamine B via surface 
enhanced Raman spectroscopy.  
5.3.3.1. Ferricyanide reduction (FCN) 
Reduction of ferricyanide is commonly reported via organic and non-metallic pathways [284-288]; 
the mechanism behind the reduction has been discussed earlier and relies on an electron transfer 
from (in our case) sodium thiosulphate to ferricyanide via an electron mediator. Due to the 
conductive behaviour of metals, they have previously shown promise in regards to this 
reaction[140]; however, the inclusion of a secondary metal is expected to alter the materials 
electronic structure. 
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The reaction rates of both systems 1 and 2 can be seen in Table 14, which were calculated by 
plotting ln(At/Ao) vs time and taking the slope of the linear part of the graph (Figure 65). In regards 
to system 1, the addition of Au to the samples is seen to initially decrease the reaction rate and then 
incrementally increase rates from 5.81 x 10-3 to 6.66 x 10-3 which is also shown by the time 
dependant UV-vis experiments (Figure 66).  
Sample Reaction rate (s-1) Sample Reaction rate (s-1) 
C0 5.81E-03 A0 3.67E-03 
C1 2.94E-03 A1 2.37E-03 
C2 3.50E-03 A2 2.76E-03 
C3 5.91E-03 A3 5.46E-03 
C4 6.66E-03 A4 6.09E-03 
Table 14 Catalytic reaction rate for FCN reduction 
 
 
Figure 65 Kinetic rate plots for the reduction of FCN by system 1 (left) and system 2 (right) 
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Figure 66 Catalytic reduction of 1 x 10-3 M K3Fe(CN)6 and 0.1 M Na2S2O3 by a) C0 and b) C4 
The addition of Au to the Cu system saw an initial decrease in catalytic activity due to the reduction 
in the dendritic nature of the surface as can be seen in Figure 49. The dendrites were responsible for 
increasing the surface area of the Cu sample promoting a larger reaction rate for this reaction. With 
the addition of Au to the system, an increase in activity is eventually seen. 
The slight increments in Au concentration promote the reaction due to the internal wall structure 
becoming more anisotropic in nature (i.e. returning to more dendritic formation). Conversely, this 
promotional effect is counteracted by the large quantities of Cu2O (a semiconductor which may 
inhibit electron transfer) formed on samples C1 and C2 (Figure 57). As can be seen from the reaction 
rates in Table 14, these samples displayed the lowest reaction rates for system 1. Sample C3 was 
shown to exhibit the largest concentration of surface Au (0.9%) and a lower amount of Cu2O (Figure 
57) by XPS. Sample C4 exhibited one of the lowest surface concentrations (0.13%), but the highest 
bulk concentrations of Au (1.98%) and once again, a relatively low quantity of Cu2O compared to C1 
and C2. As this reaction is surface controlled[140], the morphology and surface species would be the 
main causes behind variations in activity (albeit such low variations between samples). Overall it can 
be concluded that increasing the dendritic structure and decreasing surface Cu2O had a beneficial 
effect on the activity of samples towards this reaction. 
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With the initial addition of Cu in system 2, there was a decrease in activity from 3.67 x 10-3 to 2.37 x 
10-3 between A0 and A1 respectively. This was followed by incremental increases with each further 
sample to a maximum reaction rate of 6.09 x 10-3. These are similar trends as those observed in 
system 1; however, system 2 is mainly dendritic in nature (Figure 50) with no large changes in pore 
sizes (Table 11), no Cu2O presence but does have large variations in surface and bulk chemistries. 
Therefore, the differences between the catalytic rates of both systems are expected to differ. It 
would appear that an optimal combination of both bulk and surface chemistries are required to 
obtain high reaction rates when a dendritic morphology in the absence of surface Cu2O is present. 
Therefore, a comparison between system 1 and 2 samples would not be possible due to the 
presence of Cu2O in system 1 and the large difference in morphologies between both systems. 
Samples A1 and A2 displayed the lowest reaction rates towards the reduction of FCN and both 
samples had high bulk Au loading in comparison to samples A3 and A4. It appears that an optimal 
combination of Au and Cu is required to slightly modify the reaction rates of these samples, with 
lower concentrations of Au being more beneficial towards increasing the activity of the samples. 
Overall, it appears that lower concentrations of Au promote reactivity as opposed to high 
concentrations. This could be extremely beneficial in creating future catalysts for both the 
environment and economy. A lower amount of noble metal in combination with dendritic 
morphology would appear to produce the optimal parameters needed for high activity for this 
particular reaction. 
5.3.3.2. Nitrophenol reduction (NP) 
The electron transfer mechanism is the mechanism employed for the reduction of NP as discussed 
previously. This mechanism is similar to that seen in the case of FCN; however, it relies on the 
attachment of hydrogen from the BH4
- to the catalyst followed by the attachment of NP. Electron 
transfer happens from the BH4
- through the catalyst to the NP which reduces NP to AP. Gold 
nanoparticles have shown promise in the area of NP reduction, with smaller particle sizes (8nm) 
displaying relatively high catalytic activity which decreases as particle size increases  to 50nm[119]. 
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However, gold has not shown as high reaction rates as other metals such as Pd or Pt [123, 256]. With 
the unique fabrication method employed in this work, the combination of both Cu and Au was 
investigated for possible improvement in the catalytic rates when only minute amounts of Au are 
employed. 
The reaction rates for the reduction of NP are displayed in Table 15. Unlike the scenario reported for 
FCN, the increase in reaction rate for system 1 is immediately witnessed with the smallest amount of 
Au addition. The most effective sample was C2 with a reaction rate of 4.13 x 10-2, up from 8.87 x 10-3 
for C0. This corresponds to the reaction time being decreased dramatically from an initial 8 min 
down to 2 min (Figure 68). 
Sample Reaction rate (s-1) Sample Reaction rate (s-1) 
C0 8.87E-03 A0 1.38E-03 
C1 3.31E-02 A1 4.28E-04 
C2 4.13E-02 A2 8.93E-04 
C3 6.13E-04 A3 1.77E-03 
C4 4.78E-04 A4 6.77E-04 
Table 15 Catalytic reaction rate for NP reduction 
 
 
Figure 67 Kinetic rate plots for the reduction of NP by system 1 (left) and system 2 (right) 
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Figure 68 Catalytic reduction of 1 x 10-3 M 4-NP and 0.1 M NaBH4 by A) C0 and B) C2 
 
With further increases in Au concentration, a large decrease in reaction rates is witnessed. The 
increases in reaction rate seem to be influenced by both surface and bulk Au concentration as 
mentioned above; with higher Au concentration lowering the activity of the sample. Sample C3, 
which displayed the lowest reaction rate of 6.13 x 10-4, had the highest surface (0.9%) and high bulk 
(1.18%) Au concentrations (Table 13) implying that an optimal mixture of both lower Au bulk and 
surface concentrations is required. However, the concentration variations alone is not reason 
enough to justify the extremely large differences between samples C1, C2 and C3 reaction rates. A 
contributing factor is the amounts of Cu2O present on each sample; as can be seen by XRD (Figure 
57), the highest presence of Cu2O was seen on sample C2 followed by C1, C4 and C3 showing the 
lowest peak height.  
Cuprous oxide has been shown to promote the reduction of NP[289] and since Cu2O acts as a p-type 
semiconductor[290], it would be expected to promote the attachment of BH4
- due to the charge 
differences. With such a high presence of Cu2O (which was directly influenced by the presence of 
cationic gold) on samples C1 and C2, together with the fact that cationic gold has shown promise 
towards the reduction of 4-nitrophenol[259], it is no surprise that it displayed such high reaction 
rates towards NP reduction. The low Cu2O quantities, together with the larger combined Au loadings 
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in samples C3 and C4 explain the low reaction rates witnessed. It is interesting to note, that once a 
certain optimal metal loading concentration is reached, the activity drops below that of the initial 
monometallic sample (C0).  
System 2 reaction rates were much slower as a whole, with sample A3 showing the highest reaction 
rate of 1.77 x 10-3. It is interesting to note that this sample is also the sample with the lowest bulk Au 
(21%) and relatively low surface Au concentration (29%). The lowest reaction rate displayed was 
with sample A2 which had the highest Au bulk concentration (81%); this trend further supports the 
above evidence that an optimal concentration of Au is required to obtain the most efficient reaction 
rates for this reaction. The presence of Cu2O in system 2 was not seen in either XRD or XPS (possibly 
due to the lack of cationic gold promoting its formation) and therefore cannot be attributed to this 
system.  
Lower amounts of Au seem to play the role of enhancing the electronic behaviour of this material to 
promote binding and electron transfer through the catalyst. The lower electronegativity of Cu (1.9) 
combined with its lower work function (4.93) would imply that Cu would forfeit some electrons 
towards Au [132, 160] allowing it further promote its p-type characteristics and increasing reaction 
rates. However, once a certain threshold of Au is exceeded, the electronic shifts become too large 
and the reduction potential for these materials falls outside of the optimal range for electron 
transfer which was also seen in the previous chapter.  
5.3.3.3. Hydrogen evolution reaction (HER) 
 
The HER has been discussed in some detail in  chapter 1, and as stated previously, the hydrogen 
exchange currents for the two metals of interest in this chapter are 4.3 x 10-6 and 2.5 x 10-7 for Cu 
and Au respectively [148, 196] with gold being the more electronegative species (2.4 eV) over 
copper (1.9 eV)[52]. The linear sweep voltammograms of the HER for systems 1 and 2 are seen in 
Figure 69 below. Even though Au has a lower hydrogen exchange current than Cu and the dendritic 
nature of system 1 decreased with the addition of Au (Figure 49), the secondary metal is seen to 
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improve the HER for system 1 (Figure 69 right) and shifted the onset potentials positively; this can be 
explained by a combination of contributing factors that are only possible with bimetallic systems. It 
has been shown that electronegativity plays a large role in the promotion of the HER[150], with an 
increase in electronegativity increasing the reaction rates due to excess electrons available for the 
reaction. With the low amounts of Au present in system 1 (Table 13), their influence would be 
expected to be more prominent on the surface where their electronegativity is capable of 
electronically promoting the HER. This promotion, together with the reduction in pore sizes is 
capable of promoting the HER activity of the heavily dendritic porous copper sample (C0). An 
additional factor which promotes this reactivity is the relatively low surface coverage of Au on the 
surface. Even though XPS suggests only oxidised Au is present, there may be gold adatoms present 
below the detection limit of the instrument. It is known that a surface covered with adatoms is 
extremely beneficial towards the HER, with individual atoms being capable of displaying higher 
reactivity than their bulk counterparts (for both Pt and Au)[291].  
 
Figure 69  Linear sweep voltammograms recorded at 10 mVs-1 in 1 M H2SO4 for system 1 (left) and system 2 (right) 
normalized for surface area 
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System 2 was slightly more erratic than system 1 (Figure 69 left). The morphology (Figure 50) and 
pore sizes (Table 11) of system 2 did not vary to a significant extent and can therefore be 
disregarded from this comparison. Since Au has lower exchange current densities for the HER than 
Cu, larger amounts of Au would be expected to act as a Au bulk surface and therefore display poorer 
performance. This was the case in system 2, with sample A3 displaying the highest surface Au 
coverage (29.2% Table 13) followed by A1. Sample A2 had the lowest surface coverage (19.7%) 
however; the bulk concentration of 81% appeared to have an influence on the surface electronic 
structure and therefore did not display the best results for this system as seen in sample A0. Further 
to this, the hydrogen metal bond strength between Au-H is stronger than that of Cu-H[148] and 
owing to this, larger Au concentrations would be expected to show lower HER activities.  
The results seen in system 2 are much lower than the overall results of system 1 even though 
dendritic structure is promoted and pore sizes are significantly smaller (Table 11), which was to be 
expected as metallic Au is a weaker hydrogen promoter than Cu. However, the slight increases in Au 
for system 1 appeared to be beneficial towards the overall system even with the diminished 
dendritic nature as ad-atoms may exist on the sample surface which are effective in promoting this 
reaction. The characterization of these adatoms is extremely difficult due to the detection limit of 
the instruments used in this work and is an ongoing challenge in the fields of both catalysis and 
electrocatalysis. 
5.3.3.4. Surface enhanced Raman spectroscopy (SERS) 
 
Both Cu and Au have shown promise towards promoting SERS and as has been discussed in previous 
chapters, shape plays a large role in this effect [152, 162, 191]. The SERS activity of systems 1 and 2 
can be seen in Figure 70 below. Both control substrates showed no signal response towards 
rhodamine B, this is expected as both surfaces were extremely flat and in general smooth surfaces 
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do not exhibit SERS properties. These smooth surfaces would not display any electromagnetic 
enhancement and would therefore rely on Raman spectroscopy. 
In system 1, the addition of Au (a SERS active material[63]) actually decreased SERS intensity. This 
result can be rationalised by the dramatic change in morphology from dendritic structures to 
globular formations (Figure 49) and the large presence of Cu2O, which is not a SERS active material 
due to its semiconductor properties and also the fact that non-metallic Au was present (Figure 57). 
These shapes do not increase the electromagnetic (EM) enhancement[162] and therefore the SERS 
intensity relies on the chemical charge transfer between the substrate and rhodamine B[152] as 
opposed to a dual effect from the EM enhancement and the chemical enhancement. 
 
Figure 70 SERS of 1 mM rhodamine B for system 1 (left) and system 2 (right) after 1 hour immersion 
System 2 has morphological characteristics that differ drastically from those of system 1, with much 
higher dispersion of dendrites and sharp needle like structures (Figure 50). Such shapes are known 
to change the surface plasmon resonance (SPR) towards higher wavelengths (red shift)[292] which 
would be seen as beneficial to SERS in this case as visible-NIR frequencies were employed in the 
study. Metallic gold, which is present in system 2, is also known to be a SERS active metal[153], in 
147 
 
addition to this, the needle-like shape and size of the Au needles would further influence the SERS 
enhancement due to the “lightning-rod” effect where electrons are channelled to create hot spots 
on the surface[292]. 
5.4. Conclusion 
 
It has been demonstrated that the combination of Cu and Au can be successfully deposited on a 
substrate to form well defined porous structures. The incorporation of Au to system 1 had a 
profound influence on the overall structures of the samples. The addition of Au into the overall 
structure influenced the hydrogen evolution volume which diminished the dendritic nature of 
system 1, together with decreasing pore sizes. The addition of KAuBr4 steadily increased loadings in 
system 1, but this trend was not witnessed in system 2 due to Cu dissolution during the fabrication 
process as was discussed in the previous chapter. It is interesting to note that with low Au loadings 
in system 1, the production of Cu2O was seen with XRD and as the concentration of Au further 
increased, its formation decreased. This indicates that an optimal low concentration of Au would be 
beneficial for the production of certain oxide sites. 
As was seen in the case of Cu and Pd (discussed in the previous chapter); optimal bimetallic loading 
is needed for the application of these two metals as catalysts. High loading of Au was seen to be 
detrimental to the reduction capabilities of the samples. The optimal range witnessed was between 
5 to 30% of Au within samples of similar morphology; this range promoted electron transfer 
capabilities of the samples within the redox limits needed by FCN and NP. Higher Au loadings would 
hinder such redox reactions due to its high electronegativity, which also plays a role in the HER. Gold 
is known to have a lowered hydrogen exchange current than Cu, however with small additions of Au 
the HER rates increase primarily due to the possible presence of a low coverage of adatoms on the 
surface. With large Au concentrations, the sample acts more towards the bulk metal characteristics 
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and lowers the HER rates. The SERS activity of these samples was increased with the addition of Au, 
however this increase was only witnessed on dendritic samples in the presence of metallic Au, as 
SERS is heavily enhanced at surfaces comprised of dendritic and needle like structures. 
It can be observed that the combination of Cu and Au has been successfully electrodeposited in a 
simple and quick manor with a clean templating method that does not involve the removal or 
handling of surfactants. These structures were stable for prolonged periods of time, could be 
removed from solutions while remaining attached to the substrate and showed promise towards 
many reactions. 
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Bimetallic Cu/Ag porous structures 
and their applications in catalysis and 
sensing 
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6.1. Introduction 
Silver is a versatile metal, known for its antibacterial effects [293-295], promotion of SERS activity 
[296, 297] and catalytic activity towards many reactions such as the oxidation of ethylene, 
decomposition of ozone, epoxidation of propylene, etc. [130, 298-300] It has the highest thermal 
and electrical conductivities of all metals at room temperature [301, 302] and is therefore an 
interesting metal to investigate for its capabilities and effects within a bimetallic system. 
Not a large amount of literature is available towards the formation and application of Cu/Ag 
bimetallic materials compared to previous chapters. The formation of such bimetallic systems has 
been previously reported via two main methods: the electrodeposition of a silver core followed by 
the electrodeposition of copper as a capping metal[43]  and high temperature annealing due to a 
high eutectic temperature for these metals (dependent on metal concentrations and purities) [303-
306]. 
The combination of Cu and Ag as an alloy has been investigated for its use in electrical 
interconnections due to the conductive properties of these metals [307]. This metal combination 
also shows promise in increasing the selectivity and activity towards certain reactions such as the 
direct epoxidation of ethylene[308], enhanced electro-luminescence[309] and promoting sensing 
properties (for the detection of lead, zinc and nitrites)[304].  
With both metals displaying synergistic properties for a variety of applications, the investigation of 
this bimetallic material should show promise towards the (electro)-catalytic reactions investigated in 
previous chapters. 
6.2. Experimental 
See Chapter 2 for details on materials and instrumentation used and catalysis sample preparation. 
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6.2.1. Bimetallic fabrication 
Porous bimetallic structures were deposited via a galvanostatic method by applying a cathodic 
current density of 3 A cm-2 for varying deposition times between 5 and 60 s on a copper working 
electrode. The plating bath contained both metal salts at varying concentrations in 1.5 M H2SO4. Two 
systems were investigated; system 1 (Cu/Ag): containing a higher, but constant concentration of 0.4 
M CuSO4 with varying AgNO3 concentrations of 5 to 50 mM and system 2 (Ag/Cu): containing a 
higher, but constant concentration of 50 mM AgNO3 with varying CuSO4 concentrations of 0.625 to 
6.25 m M (Table 16). These concentrations were selected so that the ratio of metal to metal remains 
constant between both systems.  
System 1 - Constant 0.4M CuSO4 System 2 - Constant 50 mM 
AgNO3 
Sample AgNO3 conc. (mM) Sample CuSO4 conc. (mM) 
C0 0 S0 0 
C1 5 S1 0.625 
C2 10 S2 1.25 
C3 20 S3 2.5 
C4 50 S4 6.25 
Table 16 Concentration of metal salts using in the plating bath 
6.3. Results and discussion 
The optimal deposition time of 15 s (as discussed in previous chapters) was once again employed for 
the formation of the bimetallic structures with varying plating bath compositions as described in 
Table 16. Silver has the lowest exchange current density (i0) towards hydrogen evolution than any of 
the other discussed metals (Cu, Au, Pd)[196] and owing to this, it will not supplement hydrogen gas 
to the same extent as seen by the other metals during bimetallic deposition. Taking this information 
into account, it is expected that the pore sizes should not be impacted to the extent witnessed in the 
other bimetallic systems. Silver also has a tendency of forming dendritic structures when 
electrodeposited[310] which can compromise structural integrity when forming multi-layered 
structures.  
152 
 
6.3.1. Metal salt concentration variations 
6.3.1.1. System 1 (Cu/Ag): Variations in Ag metal concentration 
The structures obtained following electrodeposition of system 1 are displayed in Figure 71. It is 
obvious that the pore sizes have not been affected to the same extent seen in the previous chapters 
(Cu/Pd and Au systems). The walls between the pores are also frequently fragmented owing to the 
dendritic nature of the internal wall structure caused by the minute addition of Ag (Figure 72). The 
addition of 50 mM AgNO3 (sample C4) destroys the porous structure due to the retrenched dendritic 
branches unable to form vertical bridges and therefore a multi-layered structure.  
 
A B 
C D 
E 
Figure 71 SEM images of porous CuAg deposited from 0.4 M CuSO4 in 1.5M H2SO4 deposited with a constant 
current of 3 A cm-2 for 15 s with A) 0, B) 5, C) 10, D) 20 and E) 50 mM AgNO3 
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It is also interesting to note that with an increases in Ag within system 1; in particular samples C2 
and C3 (Figure 72C and D), the internal dendrites slightly elongate to form wires. This is initially seen 
with sample C1 where the tips of the dendritic/globular-like walls display wire formation which is 
less than 100 nm in width.  An increase in Ag presents quite noticeable wire formation; sample C2 
displays obvious wire growth which is further extended in C3 with wires being approx. 200 nm in 
width and range in length from 2 to 7 µm. Once 50 mM of Ag is added to the solution (sample C4), 
this trend ceases and reverts to a dendritic/globular-like wall structure.  
The average pore sizes increased slightly with the addition of silver, ranging from 63.22 to 78 µm for 
samples C0 to C3 until the collapse of the structure where pore sizes were on average 125 µm in 
diameter (Table 17).  
 
A B 
C D 
E 
Figure 72 SEM images of porous CuAg deposited from 0.4 M CuSO4 in 1.5M H2SO4 deposited with a constant 
current of 3 A cm-2 for 15 s with A) 0, B) 5, C) 10, D) 20 and E) 50 mM AgNO3 
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6.3.1.2. System 2 (Ag/Cu): Variations in Cu metal concentration 
Unlike samples C0-C3 of system 1, which were capable of forming a highly porous multi-levelled 
structure, system 2 was incapable of growing as far off the surface of the substrate as system 1 due 
to the highly dendritic nature of Ag (Figure 73). System 2 deposited quite low-lying structures close 
to the surface of the substrate which were porous and quite dendritic. Deposition of silver seemed 
to prefer the formation of short branched dendrites as opposed to Cu. The addition of Cu slightly 
decreased pore sizes with a noticeable decrease for sample S4. Copper additions promoted the 
growth of cubic structures which can be seen in Figure 74. 
The largest dendritic formations were witnessed in samples S1 and S3 (Figure 74B and D) which were 
less than 200 nm in width. Larger cubic structures were observed in samples S0, S2 and S4. Porosity 
A B 
C D 
E 
Figure 73 SEM images of porous AgCu deposited from 50 mM AgNO3 in 1.5 M H2SO4 deposited with a constant 
current of 3 A cm-2 for 15 s with A) 0, B) 0.625, C) 1.25, D) 2.5 and E) 6.25 mM CuSO4 
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increased with the initial addition of Cu, and the pore size remained relatively steady at approx. 74 
µm which reduced to 60 µm for sample S4. 
Both C3 and S3 had large amounts of dendritic structures in the internal walls, with equal metal 
ratios of 20:1. It is interesting to note that such small amounts of Cu can have such noticeable 
changes within the internal walls to produce cubic structures of system 2 and vice versa in regards to 
system 1.  
 
System 1 - Constant 0.4M 
CuSO4 
System 2 - Constant 50 mM 
AgNO3 
Sample Average pore size 
(µm) 
Sample Average pore size 
(µm) 
C0 63.22 S0 63.22 
C1 71.4 S1 74.6 
C2 77.4 S2 74.2 
C3 78 S3 74.1 
C4 125 S4 60.9 
Table 17 Average pore sizes for system 1 and 2 
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6.3.2. Surface and bulk characterization 
As was seen in previous systems, no alloy formation was witnessed within the Cu/Ag system. X-ray 
diffraction spectra displayed well resolved peaks of individual metals (Figure 75) with cuprous oxide 
being quite prevalent in the sample. The peak height of cuprous oxide exceeded that of metallic 
copper in some samples of system 1 and only trace amounts of Ag were seen in samples C3 and C4 
at relatively low peak intensities. Silver displayed relatively high peak intensities in system 2 with 
lower cuprous oxide intensities unlike system 1. The cuprous oxide peaks grew with the incremental 
additions of Cu to system 2; therefore, the combination of both Ag and Cu has an influence on oxide 
formation since sample C0 indicated negligible cuprous oxide signals.  
A B 
C D 
E 
Figure 74 SEM images of porous AgCu deposited from 50 mM AgNO3 in 1.5 M H2SO4 deposited with a constant 
current of 3 A cm-2 for 15 s with A) 0, B) 0.625, C) 1.25, D) 2.5 and E) 6.25 mM CuSO4 
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Figure 75 XRD pattern of system 1 (left) and system 2 (right) 
In the case of Cu/Pd and Cu/Au (chapters 4 and 5 respectively), Cu is present on the Ag only sample 
(S0) due to the dissolution of the substrate surface into the deposition solution. This dissolution of 
Cu results in redeposition of Cu to form a large proportion of the sample as it hinders the incoming 
Ag from depositing freely. This is further supported by AAS and XPS data discussed below. 
The Sherrer and Bragg’s equations were used to estimate the grain size and interplanar spacing’s of 
the Ag(111) and Cu(111) crystalline planes (Table 18). The addition of Ag in sample C1 had a large 
impact on the Cu grain size (Table 18); reducing it by nearly 10 nm, down from 34.7 to 24.9 nm. As 
further AgNO3 was added into the deposition bath, the grain size slowly increased, such a trend was 
not witnessed in system 2 which appeared to be slightly less consistent. As the grain size of one 
metal increased, the other appeared to decrease.  
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Sample
s 
Grain size Ag 
(nm) 
Grain size Cu 
(nm) 
Interplanar spacing Ag 
(A) 
Interplanar spacing Cu 
(A) 
C0 - 34.74 - 2.07 
C1 - 24.91 - 2.07 
C2 - 28.79 - 2.07 
C3 12.67 29.63 2.33 2.08 
C4 17.68 33.46 2.34 2.08 
S0 24.12 22.52 2.34 2.07 
S1 20.00 28.28 2.35 2.08 
S2 21.21 23.59 2.34 2.07 
S3 20.47 26.14 2.34 2.07 
S4 17.94 21.84 2.34 2.08 
Table 18 Grain size and interplanar spacing’s of system 1 and 2 
Surface and bulk concentrations were calculated with XPS and AAS respectively and can be seen in 
Table 19. Unlike the previous systems discussed in previous chapters; Au and Pd, silver displays quite 
a high surface concentration in system 1 with the minimum concentration being displayed by sample 
C1 at 22.7% and the highest being 59.3% for sample C4. The bulk concentration displayed a steady 
increase in Ag loading within the sample to a maximum of 12% for sample C4. 
In the case of system 2, the concentration variations were a little more erratic, with both surface and 
bulk concentrations being linked with increases and decreases in concentrations. However, there did 
not seem to be a noticeable trend in the ratio variations between metals in each sample. 
The large surface and bulk concentration of Cu in system 2 has been discussed in previous chapters 
with the root cause being copper dissolution into the bath off the Cu substrate. This dissolution 
occurs at high overpotentials in acidic medium [237, 238], which are the parameters used in the 
fabrication of these samples. Since large concentrations of Cu will be present at the substrate 
solution interface within the double layer, Cu will hinder the deposition of approaching Ag and will 
have preferred deposition. 
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System 1 System 2 
  Surface Metal mol % Bulk Metal mol %  Surface Metal mol % Bulk Metal mol % 
  Cu Ag Cu Ag   Cu Ag Cu Ag 
C0 100.00 0.00 100.00 0.00 S0 39.29 60.78 60.17 39.83 
C1 77.34 22.71 98.47 1.53 S1 92.23 14.45 88.16 11.84 
C2 64.65 35.42 95.05 4.95 S2 89.40 10.63 90.78 9.22 
C3 58.18 41.89 93.43 6.57 S3 46.23 53.85 76.55 23.45 
C4 40.82 59.25 87.97 12.03 S4 93.67 6.35 92.01  7.99 
Table 19 Surface and bulk relative metal concentrations 
 
Figure 76 Surface and bulk relative metal concentrations 
 
The XPS of Cu for system 1 can be seen in Figure 77. Metallic copper can be seen at 932.7 eV for C0 
which, upon the addition of Ag to the system, increases to 933.1 eV. This increase in binding energy 
by 0.4 eV can be attributed to the increased production of Cu2O [178, 275] on the sample which was 
also confirmed with XRD data (Figure 75). The satellite peaks are indicative of surface CuO coverage 
as mentioned earlier [241, 251], which due to their thinness was not seen on XRD (Figure 75). 
Copper hydroxide (Cu(OH)2) usually displays peaks in the range of 934 to 936 eV[240], which can also 
be seen in the Cu spectra. 
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Figure 77 XPS of system 1 Cu 2p 
The XPS for Ag 3d (Figure 78A) displays two main peaks at 368.9 and 374.9 eV; these peaks are 
slightly higher binding energies than metallic silver at 368.2 and 374.2 eV [311, 312]. The slight 
increase in binding energy could be attributed to the effect of Cu on the metal and not the formation 
of oxides as AgO and Ag2O are located at lower binding energies below 368 eV [178, 311]. 
The O 1s XPS (Figure 78B) indicates a variety of peaks between the samples. Since no silver oxide 
formation was witnessed, the peaks in the oxygen XPS can only be associated with Cu and other 
oxygen species. The peaks located at 531.2 on the envelope are shifted to 530.8 eV once the spectra 
are de-convoluted as can be seen in Figure 79. These peaks are associated with Cu2O [240, 250, 313]. 
The higher binding energies for O 1s are due to a mixture of water and hydroxyl groups[311], with 
higher binding energies (532.5 eV and above) belonging to adsorbed water[240, 313] and the lower 
binding energy of 532.2 eV caused by adsorbed hydroxyl groups[240]. Sample C4 displayed larger 
amounts of hydroxyl and water adsorption compared to the other samples with a much lower Cu2O 
presence as also seen in the XRD spectra (Figure 75). 
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Figure 78 XPS of system 1 A) Ag 3d and B) O 1s 
 
The de-convoluted O 1s spectra can be seen in Figure 79 for samples C1. The Cu2O peak can be seen 
at 530.8 eV as discussed above with the hydroxyl and water groups at 532.3 and 533.1 respectively.  
 
 
 
 
Figure 79 XPS of O 1s for sample C1 (Bold line represents the envelope, thin lines represent individual peaks and 
baseline, circles indicate experimental data points) 
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The XPS for system 2 told a similar story to that above; the Cu spectra can be seen in Figure 80 below 
with satellite peaks between 940 and 948 eV attributed to CuO formation on the surface [241, 251] 
and the hydroxyl group peak at 935.8 eV[240]. As can be seen, the binding energy shift is slightly 
lower than that witnessed in system 1, with a decrease of 0.1 eV to 933 eV. This is most likely due to 
the lower amount of Cu2O seen in system 2 as confirmed by XRD (Figure 75). 
 
Figure 80 XPS of system 2 Cu 2p 
The Ag 3d XPS (Figure 81A) did not indicate any silver oxide formation with standard peaks for 
metallic silver being located at 368.9 and 374.9 (as was the case with system 1), with again a slightly 
higher BE than the standard 368.2 and 372.4 [311, 312]. However, unlike system 1, a satellite peak 
was witnessed for sample S3 at approx. 372.5 eV. This satellite peak has been shown to be caused by 
charge transfer as an electron is promoted from the 3d to the empty 4s orbital, a by-product, in this 
case, of the XPS analysis [314]. 
The O 1s XPS of system 2 (Figure 81B) confirmed the presence of Cu2O (as no AgO was present in the 
Ag XPS) and other oxygen species as was the case in system 1. The peaks located at 531 eV on the 
envelope are shown to reside at 530.9 eV in the de-convoluted spectra (Figure 82) and arise from 
Cu2O [240, 313] while higher BE peaks are attributed to attached water and hydroxyl groups. 
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Figure 81 XPS of system 2 Ag 3d (A) and O 1s (B) 
From the de-convoluted spectra below (Figure 82) of the O 1s orbitals for samples S2 and S4, the 
Cu2O peaks are clearly visible owing to the metal oxide formation, also the hydroxyl surface 
attachments are located at 532.3 to 532.5[240] and water at higher binding energies which are 
observed only on sample S2 at 533.4 eV[313]. 
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Figure 82 XPS of O 1s for sample S2 and S4 (Bold line represents the envelope, thin lines represent individual peaks 
and baseline, circles indicate experimental data points) 
The formation of Cu2O can be seen in both system 1 and 2 with no silver oxides being seen in either 
XRD or XPS. The addition of Cu in system 2 appeared to promote the growth of Cu2O; however, the 
quantity of this oxide was negligible compared to system 1 where small amounts of Ag seem to 
promote this growth. Silver has a drastic morphological effect on the structures with the promotion 
of needle like structures which should show promise in catalytic and SERS activity. 
6.3.3. Catalytic and sensing activity  
The reduction of ferricyanide and 4-nitrophenol were investigated as two separate catalytic 
reactions for this system together with the hydrogen evolution reaction as was seen with the 
previous systems. The sensing of rhodamine B was investigated with the implementation of surface 
enhanced Raman spectroscopy and is expected to show some promise with such dendritic 
structures, in particular the use of Ag has shown great promise towards SERS when compared to Cu 
and Au as have dendritic structures [163, 167, 168]. 
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6.3.3.1. Ferricyanide reduction (FCN) 
 
The reduction of FCN with sodium thiosulphate has been discussed previously in the introduction 
chapter, and is reliant on an electron transfer from the thiosulphate to the FCN via a catalyst. To our 
knowledge, the catalytic reduction of ferricyanide with thiosulphate being performed with silver has 
not been reported in literature. The reaction rates can be seen below in Table 20 which were 
calculated from the gradients of the linear part of the slopes in Figure 83. 
Sample Reaction rate (s-1) Sample Reaction rate (s-1) 
C0 5.81E-03 S0 8.44E-03 
C1 7.52E-03 S1 6.48E-03 
C2 7.22E-03 S2 8.05E-03 
C3 8.54E-03 S3 6.04E-03 
C4 9.47E-03 S4 7.14E-03 
Table 20 Catalytic reaction rate for FCN reduction 
 
 
Figure 83 Kinetic rate plots of the reduction of FCN for system 1 (left) and system 2 (right) 
The addition of Ag in system 1 gradually increased reaction rates, with higher reaction rates 
observed as more Ag was added to the system. As the morphology of the system was fairly uniform 
between samples (Figure 72), the morphological influence on the reaction rates is negligible and the 
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reaction rates can be assumed to be influenced primarily by the surface Ag concentrations of the 
sample as this reaction is primarily surface dominated[140].  
 
Figure 84 Catalytic reduction of 1 x 10-3 M K3Fe(CN)6 and 0.1 M Na2S2O3 by a) C0 and b) C4 
In regards to system 2, the catalytic activity was slightly more inconsistent with Ag loading 
concentrations playing no large noticeable role on the reaction rates of the system. Samples S1 and 
S2 displayed noticeable variations in catalytic activity (6.5 x 10-3 and 8.1 x 10-3 respectively) but had 
similar surface and bulk concentrations (Table 19). This variation in activity can be attributed by the 
morphology of the sample with samples S0, S2 and S4 having lower dendritic formations than S1 and 
S3 (Figure 74), but also displaying higher catalytic activities. Pore sizes did not have any impact on 
this system as they did not vary to a significant extent between samples (Table 17). The overall grain 
sizes for both Ag and Cu in system 2 also did not vary to a significant degree; however, the Cu grain 
size for samples S1 and S3 was bigger by 3 to 5 nm than samples S0, S2 and S4 (Table 18). This size 
difference could have an effect on the overall electronic configuration and catalytic activity of the 
system was in general smaller sizes promote activity.  
As has been seen in previous chapters, the morphology of a system can play a more influential role 
on the activity of a sample as a catalyst than the inclusion of a more active secondary metal. Size 
also plays a large role in the electronic structure of materials [315, 316], which becomes more 
complex with the inclusion of a secondary metal[31]. This is seen here with system 2 displaying 
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variations between catalytic rates due to changes in size of metallic particles and an influence of 
morphology. It appears that the secondary metal increases activity of the material with decreasing 
grain size. 
Unlike the previous chapters, where an increase in noble metal meant lower catalytic activity due to 
an increase in electron density surrounding those sites, this is not seen in the case of Cu and Ag as 
both these metals have the same electronegativity of 1.9 eV[52]. However, a difference in work 
function between the two metals (4.94 and 4.46 eV for Cu and Ag respectively) [52-54] would create 
a slight local modification to the electronic structure, which has shown to improve catalytic activity 
at the bimetallic interface [317, 318]. This means that no electron saturation would occur at a 
particular metal, allowing the material to act as an electron proxy. 
6.3.3.2. Nitrophenol reduction (NP) 
The reduction of 4-nitrophenol (NP) has been discussed previously in the introduction, Cu/Pd and 
Cu/Au chapters (1.4.2, 4.3.4.2 and 5.3.3.2). This reaction is heavily reliant on a catalyst which is 
capable of acting as an electron proxy between NP and sodium borohydride (NaBH4). Silver has 
shown optimistic catalytic potential towards this reaction [130, 319, 320] and should show promise 
coupled with Cu in a bimetallic structure. 
The reaction rates of both system 1 and 2 can be seen in Table 21 below which have been calculated 
by taking the slope of the linear gradient of ln(At/Ao) vs time from Figure 85. The inclusion of Ag in 
this reaction is seen to have drastic improvements on the catalytic activity of this material. 
Sample Reaction rate (s-1) Sample Reaction rate (s-1) 
C0 8.87E-03 S0 1.59E-02 
C1 1.67E-02 S1 5.38E-02 
C2 1.87E-02 S2 2.53E-02 
C3 1.23E-02 S3 8.50E-02 
C4 1.76E-02 S4 1.63E-02 
Table 21 Catalytic reaction rate for NP reduction 
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Figure 85 Kinetic rate plots of the reduction of NP for system 1 (left) and system 2 (right) 
The inclusion of Ag in system 1 had a profound positive influence on the catalytic activity of the 
system, with negligible activity variations between all surface loadings of Ag. As was previously 
discussed, the addition of a secondary metal (in particular a Cu and Ag combination), has been 
shown to modify the local electronic structure at the bimetallic interface and promote activity 
towards certain reactions[317]. This enhancement is partially responsible for such a large catalytic 
increase from sample C0 to C1-C4 (Table 21). However, this enhancement can be considered a 
constant between all other samples as these bimetallic interfaces are present in all other samples 
with the only variation being the quantity of active sites per sample. 
It can also be seen from the XRD (Figure 75) that the introduction of AgNO3 to the deposition bath is 
seen to promote the production of Cu2O which is known to promote the reduction of NP[289]. The 
negligible increase in catalytic activity between higher Ag concentrations is unexpected, as an 
increase in Ag catalyst has shown to promote such catalytic activity towards NP [320, 321]; however, 
as has been seen with in previous chapters, the optimal range of the secondary metal required for 
effective catalysis is low. In this case, the optimal range has been reached; therefore any excess 
metal added to the system would show little to no benefit towards the activity of the materials. 
Upon reaching the optimal loading limit, the morphology of the structure affirms its influence on the 
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reactivity of the metal. With all structures in system 1 appearing to have a very similar dendritic 
surface (Figure 72), the effects of the structural morphology is mitigated and the reaction rates do 
not change between various surface loadings. This was not seen in the case of FCN reduction above, 
which steadily demonstrated increased reaction rates with the increase of Ag loadings. The presence 
of Cu2O inhibits the reduction of FCN, whereas Cu2O promoted the reduction of NP. In addition, the 
difference in mechanisms between the two reactions; with FCN being a single electron transfer 
process while NP is a six electron transfer process [131, 139], the optimal Ag loadings between the 
two reactions would be expected to differ with higher Ag loading having a negligible effect on the 
reduction of NP.  
 
Figure 86 Catalytic reduction of 1 x 10-3 M 4-NP and 0.1 M NaBH4 by A) S0 and B) S3 
System 2 displayed extremely high reaction rates towards the reduction of NP with sample S3 
displaying the highest rate of 8.5 x 10-2 s-1. The reaction rates are seen to vary with various increases 
and decreases from sample to sample, this cannot be attributed to the concentration of Ag present 
on the sample as samples S1 and S2 have similar Ag loading profiles, with surface coverage of 14.5 
and 10.6 % and bulk loading of 11.8 and 9.2 % respectively (Table 19); however, the catalytic rates 
between the samples is halved. This large change in reactivity was also seen in the reduction of FCN 
by system 2 and can be heavily attributed to the morphology of the samples, with samples S0, S2 
and S4 (which were the lowest preforming catalysts) having a larger amount of block-like surface 
structures as opposed to samples S1 and S3 which exhibited heavily dendritic surfaces (Figure 74).   
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The morphology of the samples is seen to play a considerable role on the reaction rates for the 
reduction of NP, with the morphology; in some cases, playing a more influential role in the activity of 
the sample than the inclusion of a secondary metal. As has been seen in previous chapters, an 
optimal load of the secondary metal is usually quite low, for example, sample S4 had surface and 
bulk loadings of 6.4 and 8 % respectively for Ag and was capable of producing reaction rates 
comparable of sample C4 which had surface and bulk loadings of 59.3 and 12 % respectively. This is 
evidence that low concentrations of secondary metal are required to achieve the same results as 
high concentrations for this reaction. Once this optimal range is achieved, the morphology of the 
structure is pivotal as seen above. The minute additions of Ag to the Cu structure could be sufficient 
in influencing the electronic structure to an extent of promoting electron transfer between NP and 
NaBH4. As particle sizes decrease from the bulk metal, their electronic characteristics also change 
and become more negative as has been seen with the case of Ag[20].  
As seen from the FCN reduction, the inclusion of higher amounts of Ag did not have a detrimental 
effect as was the case in previous chapters. This is due to the same electronegativities of both 
metals (1.9 eV) which allowed an even distribution of electron density throughout the sample. 
6.3.3.3. Hydrogen evolution reaction (HER) 
The hydrogen exchange currents for Cu and Ag are 4.3 x 10-6 and 1.4 x 10-8 Acm-2 respectively[196], 
indicating that Cu should show a higher activity towards this reaction. This systems capability 
towards the HER was investigated in a 1 M H2SO4 solution. As can be seen in the linear sweep 
voltammograms for systems 1 and 2 below (Figure 87), Cu and Ag controls confirmed each metals 
capability of undertaking this reaction with the Cu control showing a higher current magnitude 
response than the Ag control. 
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Figure 87 Linear sweep voltammograms recorded at 10 mVs-1 in 1 M H2SO4 for system 1 (left) and system 2 (right) 
normalized for surface area 
In the case of system 1 (Figure 87 left), an increase in both surface and bulk loading of Ag (Table 19) 
had a detrimental effect on the activity of these samples towards the HER. This has previously been 
reported, that an increase in Ag in a Cu/Ag alloy also decreased the activity of the HER[304]. The 
changes in onset potential for the hydrogen evolution are negligible between samples; however 
sample C1 displayed the most positive shift in potential.  
System 2 followed the same trend as system 1, where an increase in Cu surface and bulk loadings 
also positively influences the current magnitude towards the HER with minor influences on the onset 
potential. 
The HER activity of this system is quite straight forward, with Cu displaying higher activity towards 
the evolution of hydrogen as would be expected. Further to this, the Ag-H bond strength is weaker 
than that of Cu-H[196], due to this, an increase in Ag would also inhibit hydrogen binding to the 
surface of the sample and therefore lower the activity towards the HER. 
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6.3.3.4. Surface enhanced Raman spectroscopy (SERS) 
As earlier discussed in chapter 1, SERS relies heavily on shape, size and composition of substrate for 
high signal intensities [152, 161, 162, 191, 258]. The SERS activity of system 1 and 2 towards 
detecting 1 mM rhodamine B after 1 hour immersion can be seen in Figure 88 below, with no 
surface enhancement being witnessed from the smooth control surfaces. 
Figure 88A displays a comparison between C0 and S0, as a comparison between the intensity axis for 
systems 1 and 2 in Figure 88B and C respectively. It can be seen in system 1 that the addition of Ag 
initially has a large detrimental effect on the SERS activity of the sample, even though Ag is known to 
be a good SERS enhancer[322]. This slight decrease between sample C0 and samples C1 and C2 is 
attributed to the large morphological change in the surface of samples C1 and C2 (Figure 72), from a 
dendritic nature (C0) to globular like structures. The SERS activity then increases with samples C3 
and C4 both due to the further increase in Ag loading within the bulk and on the surface of the 
samples (Table 19) which promotes SERS activity and the increase in the number of needle like 
structures visible on the surface of the sample. This results in hot spots on the surface and the well-
known “lightning rod” effect due to an enhanced electromagnetic field. 
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Figure 88 SERS of 1 mM rhodamine B for system 1 (left) and system 2 (right) after 1 hour immersion 
System 2 displayed excellent SERS activity, even though samples S1 and S2 displayed relatively low 
intensity readings, these are comparable to those of C3 and C4 in system 1. The low intensities of S1 
and S2 is attributed to the high Cu loading in these samples with over 80 % surface and bulk loading 
of Cu in each sample (Table 19). Sample S3 had one of the highest Ag loadings and also the most 
abundant quantity of needle-like surface structures (Figure 74). Sample S4 showed large SERS 
activity even though low Ag loading was witnessed, however from Figure 74E, sharp edges can be 
seen on the cube-like structures which have been shown to heavily influence SERS intensities[296]. 
Depending on the orientation of these corners relative to the polarization of the incident laser, the 
enhancements can be increased by a factor of 4. As the cube-like structures are abundant and vary 
in orientation, it is expected that the increase in activity for this sample compared to other low Ag 
loaded samples (such as S1 and S2) would be higher. 
The size of the Ag particles also has an influence on the SERS activity as their surface plasmon 
resonance (SPR) peaks shift depending on their size. The laser used in our SERS analysis has a 
wavelength of 785 nm and a SPR which is red-shifted would increase SERS activity of the samples. 
The Ag grain sizes of the particles in system 2 ranged from 18 to 24 nm (Table 18), these sizes have 
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been shown to red-shift the SPR of Ag and therefore would help promote the SERS activity 
further[323]. 
6.4. Conclusion  
The combination of Ag and Cu has been successfully achieved via electrochemical methods, with 
highly porous structures being fabricated. Unlike previous metal combinations (Cu/Pd and Cu/Au), 
the addition of Ag did not have such a drastic influence on the morphology of the structure, with 
many samples attaining, if not promoting, dendritic formation while also promoting Cu2O formation. 
The loading of Ag in system 2 varied as was seen in previous systems due to the dissolution of the Cu 
substrate. This variety in metal loadings was beneficial in understanding how different metal 
combinations promoted certain reactions.  
The addition of Ag was seen to promote the catalytic reduction of FCN and NP up to an optimal 
loading and was also dependent on the morphology of the samples. The decrease in certain reaction 
rates was due to the decrease in dendritic formations and not due to high Ag loading once the 
optimum concentration ratio was exceeded. The similar electronegativies between Cu and Ag meant 
that no electron transfer hindrance would be seen for electron transfer reactions and therefore high 
Ag loadings would have no detrimental impact, although the modification to the local electronic 
structure (due to work function variations) at the bimetallic interface could contribute to a degree of 
catalytic activity. 
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7.1. Conclusion 
The merging of coinage and noble metals is a promising area of investigation due to their 
individual unique properties in catalysis[324-326], optics[327-329], electronics[324, 328], 
etc. The ability to exploit a combination of certain properties together with a simple method 
of manufacture has been explored in this thesis. 
A simple method for the fabrication of bimetallic porous structures has been proposed and 
executed. The fabrication method did not rely on surfactants to help stabilize or control the 
structure; it did not rely on complex computational modelling techniques or the need to filter 
solutions. Many reported methods include tedious wet chemical preparation methods and 
high temperatures, such as the fabrication of Au-Pd bimetallic foams. These foams require 
chemical preparations followed by autoclaving the mixture at 100˚C for 12 hours. Subsequent 
to this, ethanol washing of the particles is preformed and the particles are then 
centrifuged[330]. The fabrication of Ag-Pd bimetallic structures required the immersion of a 
quartz plate with a Ti coating to be immersed in AgNO3 for 4 h, cleaned and exposed to H2 
plasma at a pressure of 180 mTorr. This procedure was then repeated with the plate being 
immersed in Pd(NO3)2[331]. 
The method in this work relied on the electrochemical production of hydrogen to act as a 
clean and dynamic template; a bubble temple around which metal could deposit. Upon 
deposition, this template instantly evolved out of the solution. Not only was the method 
employed a simple and clean method, it was also a quick method which typically took no 
more than 15 seconds per sample. 
The optimal deposition current was determined to be 3 A cm
-2
, which was capable of 
supplying sufficient current to evolve reasonable quantities of hydrogen together with the 
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correct potential to deposit metal. This, together with a deposition time of 15 seconds was 
seen to produce the most well defined multilayered porous structures. 
Copper was determined to be the most suitable substrate for the formation of multilayered, 
porous and rigid structures which is also cost effective. This was possible because optimum 
conditions were attained where metal deposition and hydrogen evolution were not 
overpowering each other as was seen with Pd and Au substrates. With low hydrogen 
evolution exchange currents; as seen on the Au substrate, the lack of hydrogen bubbles for 
templating meant that the metal deposit did not form a multi-layered structure. On the other 
hand of the spectrum, large hydrogen evolution exchange currents; as seen with Pd, meant 
that an extremely turbulent environment was present at the solid-solution interface which 
disrupted much of the metal deposit. This once again meant that the structures formed were 
not well defined or multilayered. However, the substrates had a large influence on the active 
sites located on the surface of the deposited Cu on each substrate. The Cu deposited on the Pd 
substrate produced the highest magnitude of active sites, followed by Au and Cu. These 
active sites showed large promotional effects on the reduction of FCN and the HER. 
Depositing samples at such a negative potential region on the Cu substrate meant that Cu 
electrochemically dissolved into the solution. This dissolution of the substrate formed a 
diffusion layer which hindered the deposition of the second metal and resulted in copper 
metal deposition within the deposition bath and was witnessed in all samples from system 2.  
The deposition of bimetallic samples was successful with all three metal combinations; Cu 
and Pd, Cu and Au and Cu and Ag. The reduction in pore size and suppression of the 
dendritic wall structure was witnessed with the addition of minute concentrations of Pd or Au 
to Cu due to their effects on the samples hydrogen evolution potential as they were deposited. 
As Pd and Au were deposited within the sample, the hydrogen evolution either increased or 
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decreased depending on the metal. With the addition of Pd, the increase in hydrogen 
evolution rates caused a decrease in dendritic wall structure due to the vigorous environment 
inhibiting dendrite formation. In the case of reduced hydrogen evolution (addition of Au), the 
lack of a vigorous environment allowed the metal to deposit more frequently, filling in 
internal gaps and forming globular-like structures. Silver did not have such a drastic influence 
on the internal wall structure and promoted dendritic formation. The addition of Cu as the 
minor component to Pd, Au and Ag had no dramatic effect on the overall structure due to the 
relatively large concentrations of the primary metal superseding the effects of the added Cu. 
Low concentrations of Au and Ag promoted the production of Cu2O and this was seen to 
decrease as more Au or Ag was loaded within the sample. The addition of Pd reduced copper 
oxide formation and therefore it is not seen in this system. The promotion of cuprous oxide in 
these samples was seen to be beneficial towards the catalytic reduction of 4-nitrophenol (NP), 
with the combination of Ag and Cu showing the highest catalytic activity towards both the 
reduction of FCN and NP (Figure 89 and Figure 90). The introduction of Au and Pd only had 
an initial improvement on the catalytic performance on NP reduction (Figure 89) this 
improvement diminished as further amounts of these metals were loaded into the samples. 
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Figure 89 Reduction of 4-nitrophenol by sodium borohydride in the presence of certain catalysts 
 
In regards to the Au and Pd additions to Cu, it would seem that there is an optimal metal 
concentration that has promotional effects on the activity of the samples. Once that optimal 
ratio is exceeded, the promotion is rapidly lessened. It was shown that an optimal metal 
loading of up to 10% surface and 3% bulk Pd loading whereas up to 1% bulk and surface 
loading of Au displayed the best activity towards reduction reactions such as NP reduction. 
The addition of Ag had no detrimental effects with increases in loading; in fact it promoted 
both activity and dendritic formation. 
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Figure 90 Reduction of ferricyanide by sodium thiosulphate in the presence of certain catalysts 
The addition of these metals changes the electronic configuration of the samples due to a 
large difference in electronegativity and work function between the samples. The changes 
with electronegativity impact the catalytic activity of these samples towards reduction 
reaction rates; which rely on electron transfer through the catalyst. These reduction reactions 
(FCN and NP) rely on two species attaching to the sample followed by electron transfer; a 
redox reaction. It was seen that with the addition of a high concentration of Pd to the samples, 
the reaction rates dropped due to the highly electronegative metal hindering attachment and 
electron transfer. This was seen with both Au and Pd and predominantly noticed on the 
reduction of NP which is a 6 electron transfer process [131, 139] as opposed to the 1 electron 
transfer reaction of FCN[141]. The addition of Ag in larger concentrations did not have this 
effect on the samples due to the similar electronegativity’s and work functions of Ag and Cu. 
The sample composition also had an effect on the SERS activity towards the detection of 
rhodamine B. Depending on the location of the metals surface plasmon resonance (SPR), the 
SERS activity either increased or decreased. The morphology and particle size of the samples 
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determined the location of the SPR, with a shift towards the NIR spectrum promoting the 
SERS activity due to the SERS laser having a wavelength within that region (785 nm). 
Needle and dendritic structures were seen to promote such SPR shifts as well as providing 
hot spots for electromagnetic fields and this was confirmed by dendritic samples displaying 
the highest SERS activity. Silver coupled with copper had the highest activity towards SERS, 
followed by the combination of Cu and Au, whereas Pd was detrimental to the overall 
chemical enhancement of the samples due primarily to its SPR being located in the UV 
region. 
It was shown that the electromagnetic enhancement supersedes that of the chemical 
enhancement where the addition of Au (a SERS active material) lowered the SERS activity of 
the samples due to the change in morphology from dendritic to globular-like structures. 
The chemical composition played the largest role in the HER, with metals that display high 
hydrogen exchange currents and optimal hydrogen-metal bond strengths superseding the 
effects of morphology (Figure 91). The addition of Pd (the highest hydrogen exchange current 
of the 4 metals investigated and optimal hydrogen-metal bond strength, weak enough to 
detach any attached hydrogen while strong enough to hold the hydrogen for catalysis) 
showed improved HER with additional Pd surface loading. Both Au and Ag did not improve 
the activity of Cu towards HER as both these metals have lower activity for this reaction. An 
interesting exception however was the slight increase caused by the addition of low surface 
Au concentrations. This was possible owing to the high electronegativity of this metal which 
improves the HER. With low quantities present on the surface of the samples, the poor 
hydrogen-metal bond strength, which does not allow for good hydrogen binding on the Au 
surface, is disregarded due to the high presence of Cu around the Au. This synergetic 
relationship allowed for Cu to promote the binding of hydrogen while exploiting the high 
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electronegativity of Au to catalyse the reaction at a higher rate. This relationship rapidly 
faded once 1% of surface Au was exceeded. 
 
Figure 91 Electrocatalysis of the HER with various catalysts 
This work has shown that large quantities of noble and active metals within a copper matrix 
are not always an optimal choice for certain reactions. In many cases, it was seen that very 
low concentrations of the noble metals actually increased the reaction rates of certain 
reactions. This thesis also demonstrated that this electrodeposition approach allows access to 
a wide variety of bimetallic compositions, shapes and sizes in the absence of complications 
such as surface organic capping agents. This method also allows for fundamental physical 
chemistry insights to be attained for catalytic, electro-catalytic and SERS processes. Coupling 
both an optimal metal composition ratio mixture together with morphological control (in 
many cases the production of dendrites), we are able to produce efficient, cheap and reusable 
catalysts and sensors which may have many more applications for industrially relevant 
processes. 
-6.00E-01
-5.00E-01
-4.00E-01
-3.00E-01
-2.00E-01
-1.00E-01
0.00E+00
Cu Ctrl C0 C1 C2 C3 C4
Au/Ag/Pd
Ctrl S0 S1 S2 S3 S4
Cu-Au Cu-Ag Cu-Pd
183 
 
7.2. Future work 
 
As was demonstrated in this work, the evident metal options for use as catalysts are not 
always the most effective. Silver combined with copper displayed higher activity towards 
certain reactions (NP reduction and also SERS) than those seen with noble metals. The 
combination of other metals is and obvious pathway for future work within this field. The 
ability to apply further morphological control via other electrochemical means would also be 
an interesting avenue of investigation together with industrial applications and also used in 
gas phase catalysis once removed from the substrate. 
To take this topic one step further, tri-metallic systems are a viable option that should also be 
capable of forming highly porous, multi-layered structures with the implementation of this 
dynamic and clean templating method. The metal composition ratios possible would open a 
whole new doorway to the possibilities of various catalysts that would be able to form 
synergistic properties such as those seen in this thesis. 
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